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Abstract 
 
Total hip joint prostheses made of CoCrMo heads versus ultra high molecular weight 
polyethylene (UHMWPE) cups have a limited lifetime, mainly due to the wear of the 
UHMWPE cups as a result of high friction between the articulating surfaces leading 
to osteolysis and implant loosening with revision surgery becoming inevitable in 
more active patients. Tribology plays an important role in developing the design, 
minimizing wear and reducing friction of hip joint prostheses in order to improve 
their long-term performance, with good lubricating properties. Metal-on-metal hip 
resurfacing prostheses have shown significantly lower wear rates compared with 
conventional metal-on-polyethylene implants and thus osteolysis is potentially 
reduced leading to increased lifetime of the prosthesis. Nevertheless, excessive wear 
of metal-on-metal joints leads to metal ion release, causing pseudo-tumours and 
osteolysis. An alternative approach to such bearings is the use of newly developed 
carbon fiber-reinforced poly-ether-ether-ketone (CFR PEEK) acetabular cups 
articulating against ceramic femoral heads due to their better wear resistance 
compared to UHMWPE. In this study, therefore, friction and lubrication properties 
of large diameter, as cast, Co-Cr-Mo metal-on-metal hip resurfacing implants with 
various diameters and clearances have been investigated and compared to those of 
the newly developed zirconia toughened alumina (ZTA) ceramic femoral heads 
articulating against carbon fiber reinforced poly-ether-ether-ketone (CFR PEEK) 
acetabular cups with different diameters and clearances. Friction hip simulator was 
used to measure frictional torque and then friction factors were calculated along with 
Sommerfeld numbers leading to Stribeck analysis and hence the lubricating mode 
was also investigated. This involved using lubricants based on pure bovine serum 
(BS) and diluted bovine serum (25 vol. %BS+75 vol. %distilled water) with and 
without carboxymethyl cellulose (CMC) (as gelling agent). Standard Rheometer was 
used to measure lubricant viscosity ranged from 0.0014 to 0.236 Pas at a shear rate of 
3000    . Pure bovine serum, diluted bovine serum without CMC and with CMC 
(25BS+75DW+0.5gCMC and +1gCMC) showed pseudoplastic flow behaviour up to 
shear rate of ∼139     above which a Newtonian flow with significant increase in 
shear stress was observed. The viscosity flow curves for the 25BS+75DW+2gCMC, 
+3.5gCMC and +5gCMC showed only shear thinning up to a shear rate of 3000   . 
The shear rate application modified the flow behaviour of bovine serum from a 
pseudoplastic to a Newtonian flow depending on its purity and CMC content. This 
will cause a different frictional behaviour depending on joint diameter and clearance, 
as seen in this work. The experimental data were compared with theoretical 
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predictions of the lubricating regimes by calculating theoretical film thickness and 
lambda ratio. The metal-on-metal Biomet ReCaps showed similar trends of Stribeck 
curves, i.e. friction factors decreased from ~0.12 to ~0.05 as Sommerfeld numbers 
increased in the range of viscosities ~0.001-0.04Pas indicating mixed lubrication 
regimes above which the friction factor increased to ~0.13 at a viscosity of 0.236Pas. 
The Stribeck analyses suggested mixed lubrication as the dominant mode with the 
lowest friction factor in the range ~0.09 - ~0.05 at the physiological viscosities of 
~0.01 to ~0.04 Pas and that such joints can be used for more active patients as 
compared to the conventional total hip replacement joints with 28mm diameter. The 
Stribeck curves for all ZTA ceramic-on-CFR PEEK components illustrated a similar 
trend with BS fluids showing higher friction factors (in the range 0.22-0.13) than the 
diluted BS+CMC fluids (in the range 0.24-0.05). The friction tests revealed 
boundary-mixed lubrication regimes for the ZTA ceramic-on-CFR-PEEK joints. The 
results, so far, are promising and suggest clearly that the newly developed ZTA 
ceramic femoral heads articulating against CFR PEEK cups have similar friction and 
lubrication behaviour at optimum clearances to those of currently used metal-on-
metal hip resurfacing implants at the range of viscosities 0.00612 to 0.155Pas. These 
results clearly suggest that the ZTA ceramic-on-CFR-PEEK joints showed low 
friction at the physiological viscosities of ~0.01Pas in the range ~0.1-0.05, 
suggesting that these novel joints may be used as an alternative material choice for 
the reduction of osteolysis. The result of this investigation has suggested that the 
optimum clearance for the 52mm diameter MOM Biomet ReCaps could be ~170µm. 
However, 48 and 54mm joints showed lower friction due to clearances to be 
>200µm. For the 52mm ZTA ceramic-on-CFR-PEEK joints the optimum clearance 
seems to be ≥ 630µm radial clearance. These results suggested that increased 
clearance bearings have the potential to generate low friction and hence no risk of 
micro- or even macro-motion for the ceramic-on-CFR-PEEK joints. This study found 
no correlation between theoretical predictions and experimental data for all metal-on-
metal and ZTA ceramic-on-CFR PEEK bearings at the physiological viscosity 
(0.0127Pas). However, at lubricant viscosity of 0.00157Pas, the theoretical 
prediction of lubrication regime correlated well with the experimental data, both 
illustrating boundary lubrication. As expected, a decrease in viscosity resulted 
decrease in the film thickness. 
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CHAPTER ONE 
1.0 Introduction  
 
Total joint arthroplasty is an extremely successful treatment for patients with joint 
arthritis diseases, including osteoarthritis and rheumatoid arthritis. Arthritis is a 
degenerative and painful disease of the joint developed by the wear and tear process 
of the cartilage which covers and protects the bone at the joints. The disease often 
leads to a loss in mobility of the affected limbs due to the great pain experienced in 
an attempt to move the diseased joints (Kovacik et al., 2007). In most cases involving 
joints diseased by osteoarthritis, the implantation of an artificial joint is necessary to 
restore mobility and reduce the pain present in the affected hip or knee. The major 
aim of total joint arthroplasty (TJA) is to reduce pain and raise quality of life in the 
elderly patients and there are several designs of total joint arthroplasty which have 
shown excellent results in terms of both function and value for money. In recent 
years there have been significant improvements in the design, materials, and 
manufacture of prostheses. However, for young and active patients, it has long been 
considered unsatisfactory due to the limited survivorship of conventional implants 
(Brockett et al, 2007; Kovacik et al., 2007; Mavraki and Geetha et al., 2009; 
McMinn, 2009). Currently, the inclination of performing total joint arthroplasty on 
younger patients, the requirement is not only the increased longevity of the prosthesis 
but also increased performance for more demanding activities (Mathias and 
Tabeshfar, 2006). The success of materials to be utilized in artificial joint, depend on 
their biocompatibility. They are often relative to the ability and ease of the material 
to be moulded into complex shapes. Biocompatibility of a material is defined as its 
ability to perform with an appropriate host response in specific application. Another 
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definition of biocompatibility is the acceptance of an artificial implant by the 
surrounding tissues and the whole of the body (Park et al., 1992). Material 
biocompatibility should not induce allergic reactions, toxicity, cancer, or an 
inflammatory response. Other important factors in the role of biomaterials include 
suitable mechanical properties, e.g., tensile strength, fatigue and stiffness (Park at al., 
1992; McMinn, 2009).  
 An overview of biomaterials used for hip joint prosthesis will be covered in this part 
of thesis, paying particular attention to the effect of processing methods and 
mechanical properties. Also the materials used for the manufacturing process have 
undergone many changes in order to minimize the effect of wear, friction and release 
of debris. The manufacturers have achieved many developments in the 
manufacturing process itself and casting was used initially but now mainly powder 
metallurgy. Traditionally, the study of biomaterials centres on issues relating to 
biocompatibility, cytotoxicity, host-tissue reaction to implants and basic structure-
property relationships. Also, the performance of the implant is important not only in 
the short term but also over the many years that the device is expected to function. 
While the human body consists of an extremely corrosive environment, very strict 
requirements are imposed on the candidate properties of materials (Teoh, 2004; 
Newman, 2009) .The important properties required of biomaterials are that they do 
not induce an adverse reaction when implanted. The current movement towards 
improving materials has increased the need for developing biomaterials for a 
diversity of applications. An obvious requirement for achieving this is that 
biomaterials must have good mechanical properties and be compatible with hard 
tissue prosthetics (Shi, 2006).  
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Conventional hip joint replacements generally consisted of metal femoral component 
such as stainless steel and cobalt chromium alloys and a plastic acetabular cup such 
as ultra high molecular weight polyethylene (UHMWPE). The durability of a 
prosthetic implant depends on several factors, but is commonly limited by two kinds 
of damage: wearing due to friction between the acetabular and femoral components 
and loosening or dislocation of the prosthesis-cement-bone system which has been 
associated with high loading predisposed to stress shielding (Bajs et al., 2001; 
Learmont, 2005). The debris arising from wear in regions around the implant can 
cause a cellular response leading to inflammation in the tissues and the destruction of 
the bone within which the implant is embedded (Bajs et al., 2001). 
 Hip joint prosthesis generally consists of a ball and stem (the femoral head) and a 
socket (the acetabular cup) as shown in Figure 1.1. There are many diverse types of 
prosthesis made of different metals (e.g. stainless steel, cobalt chrome, and titanium), 
ceramics, polymers, or a combination of these materials. The four major combination 
of materials used in total hip arthroplasty (THA) are metal-on-polyethylene, 
ceramics-on-polyethylene, metal-on-metal and ceramics-on-ceramics (Shi, 2006). 
Metal-on-polyethylene total hip replacements is clinically the most successful 
bearing, with a survivorship of over 75 per cent at 20 years, however due to 
polyethylene worn debris leading to osteolysis and then loosening of the prosthesis 
(Brocket et al., 2007), this combination cannot be employed for more active patients 
due to revision surgery required after only couple of years. 
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Figure1.1 Total hip joint replacements (www.southerncross.co.nz). 
Metal-on-metal hip prosthesis has been investigated as an alternative bearing 
material to metal-on-polyethylene prosthesis because it has been recognized for a 
long time that metal-on-metal implants exhibit much lower volumetric wear than the 
well established metal-on-polyethylene joints (Dowson et al., 2004). Laboratory 
studies performed on the second-generation metal-on-metal hip resurfacing 
component (see Figure 1.2) showed decreased wear and friction compared to that of 
first-generation metal-on-metal hip joint replacement component (Dowson et al., 
2006). 
 
Figure1.2 Metal on metal articulation as seen in resurfacing arthroplasty (Brocket et 
al., 2007). 
Metal-on-metal hip resurfacing arthroplasty involves the surgical alternative of 
replacing the articulating bearing surfaces of the natural hip joint. Hip resurfacing 
arthroplasty is usually recommended by surgeons for use in younger and more active 
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patients. Also resurfacing arthroplasty avoids long-term stress shielding, which can 
lead to bone resorption and implant loosening. The large diameter of the articulation 
offers increased stability and range of motion and reduces the risk of dislocation and 
impingement. Moreover, hip resurfacing offers a more natural transfer of loads and 
possible protection of bone mineral density (Brocket et al., 2007; Dowson et al., 
2006, McMinn, 2009). The first part of experimental work in this thesis, therefore, is 
concerned with the use of large-diameter hip resurfacing metal-on-metal implants 
and their friction and lubrication behaviour under physiological articulation using a 
friction hip simulator and serum-based lubricants. 
Tribology was introduced in 1966 and was defined as the science and technology of 
interacting surfaces in relative motion and the study of friction, wear and lubrication, 
as well as design of bearings (Michael et al., 2005; Jin et al., 2006). Several concepts 
of tribology are concerned with biological systems, and hence the term 
“biotribology” was introduced by Dowson and Wright in 1973. The tribological 
studies of bearing surfaces must be considered in correlation with biological studies 
of wear debris. This is principally important in artificial joint replacements. 
Generally, it is accepted that the major long-term factor limiting clinical implants is 
loosening caused by osteolysis and adverse tissue reactions to wear particles. Thus, it 
is important to eliminate or to reduce wear (Jin et al., 2006). However, since 
biological reactions mainly depend on the size of wear particles, the wear volume 
also is important. The variety in materials, head diameter and clearance, surface 
roughness and lubrication influence the wear and friction of metal-on-metal bearings 
far more than metal-on-UHMWPE bearings. It has been demonstrated by both 
clinical and hip simulator studies that accurate manufacturing of prosthesis as well as 
optimum design parameters such as the diametral clearance between the acetabular 
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cup and femoral head with good tolerance are important and critical for the success 
of the implant (Dowson et al., 2006; McMinn, 2009). Mixed lubrication regime 
seems to be the major system in most metal-on-metal hip joints, but full fluid film 
lubrication is expected by increasing the head diameter leading to increase in the 
sliding velocity thereby pulling more fluid into the hip joint surfaces. Also, large 
diameter has further benefit of decreasing the friction and wear rate (Flanagan et al., 
2010).   
In spite of the advantages obtainable by metal-metal hip resurfacing bearing 
implants, the wear debris generated are particularly small and can generate high 
number of particles leading to pseudo-tumours and other adverse tissue reactions. 
There are also concerns about the corrosive effects of fine metallic wear debris 
together with the biological response and substantial release of metal ions (Barnes et 
al., 2008). Metallic debris may also be distributed through the vascular system as 
ions or particles. Reported levels of Chromium (Cr) in blood after four years post 
metal-on-metal hip resurfacing are between 4.6 mg/L and 6.5 mg/L (Howcroft et al., 
2008). The Health and Safety Executive have guidance values for chromium of 17 
mg/L in blood and 20 mg/L in urine and several studies have exposed higher levels 
than this in patients following metal-on-metal total hip resurfacing. Very little data is 
present for systemic effects of metal-on-metal wear particles but practically every 
foreign object in the body has potential toxic responses (Howcroft et al., 2008). 
Hip implants using ceramic vs. carbon fibre reinforced poly-ether-ether-ketone 
(CFR-PEEK) material combinations have been introduced as alternatives to current 
metal-on-metal hip resurfacing implants for prolonging the life of hip prostheses with 
improved mechanical properties and wear resistance. The second part of the 
experiment work in this thesis is concerned with the friction and lubrication 
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behaviour of a newly developed zirconia toughened alumina (ZTA) against carbon-
fibre-reinforced poly-ether-ether-ketone bearings. Carbon fibre reinforced poly-
ether-ether-ketone (CFR PEEK) has been reported as a more wear resistant material 
than UHMWPE (Scholes and Unsworth, 2007) and hence its use as the acetabular 
cup can be justified if optimum design and clearance can be obtained. 
1.1 Aims and Objectives of the Current Study 
The main aim of this study is to investigate the lubrication and friction of two 
different material combinations, i.e. large-diameter metal-on-metal hip resurfacing 
prostheses with various diameters and clearances and those of a newly developed 
zirconia toughened alumina (ZTA) ceramic femoral heads articulating against carbon 
fibre reinforced poly-ether-ether-ketone (CFR PEEK) cups with different diameters 
and clearances. This is an original work carried during this research programme for 
the first time in order to find an alternative material for metal-on-metal hip joints and 
thus decrease related issues such as release of metal ions causing osteolysis. The 
newly developed carbon fibre reinforced poly-ether-ether-ketone (CFR-PEEK) 
acetabular component is manufactured and designed as a full cup and flexible 
component in an effort to avoid stress shielding within the adjoining bone when 
implanted in the body. Different diameters and clearances were investigated in this 
work to determine suitable hip joint prostheses with the optimum level of success 
when considering their use as an implant for the replacement of degenerated human 
hip join. Other   objectives of this work are as follows: 
 To investigate the effects of diameter and clearance on lubrication. 
 Using a hip friction simulator to assess the friction and lubrication properties 
of large-diameter hip bearings of metal-on-metal resurfacing as compared to 
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ZTA ceramic-on-CFR PEEK bearings. In addition, the effects of lubricant 
type and/or viscosity are considered, using pure and diluted bovine serum 
with and without carboxymethyl cellulose adjusted to a range of 
physiological viscosities are shown to be considerably more effective for 
reducing friction. 
 To determine the lubrication regime generated between the articulating 
surfaces by Stribeck analysis, i.e. by plotting friction factor versus 
Sommerfeld number for each clearance using several serum-based lubricants 
with different viscosities as well as theoretical predictions using the Hamrcok 
and Dowson equations. The experimental results are compared with 
theoretical predictions of lubrication regime. 
 To investigate the generated dynamic motion profiles in terms of frictional 
torque, friction factor and applied load versus number of cycles for an 
extension-flexion of ±24º in order to obtain the torque applied to each joint 
during friction tests for various lubricant viscosities. 
1. 2 Thesis Structure 
This thesis consists of eight chapters. The first chapter is an introduction to various 
types of hip prosthesis available today and also covers the aims and objective of the 
present study. The second chapter is detailed literature review to understand the 
requirements of materials selected for total joint prostheses (metals, ceramics and 
polymers) such as biocompatibility and physiological properties. In addition, 
different types of manufacturing joint prostheses with emphasise on hip joint devices 
are also covered in this chapter.  
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Third chapter explains synovial joints and related diseases. This chapter also gives a 
brief development of hip joint devises and the reasons for failure of some hip 
prostheses. Furthermore, introduction to biotribology and the effect of design 
parameters on tribology (lubrication, friction and wear) of articulating hip prostheses 
are also covered in this chapter. The effects of friction and wear on lubrication and 
lubrication regimes in artificial hip prostheses using the Stribeck analysis (friction 
factors against Sommerfeld number) will also be covered in detail in chapter three. 
Chapter four consists of the experimental procedure used to investigate the friction 
and lubrication behaviour of large diameter metal-on-metal Biomet ReCaps and the 
newly developed zirconia toughened alumina (ZTA) ceramic femoral heads 
articulating against carbon fibre reinforced poly-ether-ether-ketone (CFR PEEK) 
cups with different diameters and clearances. Rheological properties for seven 
serum-based lubricants used for friction testing have also been investigated and 
covered in chapter five. Chapter six presents the results and discussion obtained for 
the metal-on-metal hip resurfacing prostheses. Chapter seven presents the results and 
discussion for the ZTA ceramic-on-CFR PEEK prostheses and finally chapter eight 
covers conclusions and future work.   
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CHAPTER TWO 
2.0 Requirements for Materials Selection, Properties and 
Manufacturing of Artificial Joint Prostheses 
2.1 Biocompatibility   
Biocompatibility is the term used to express the replacement of tissues with 
biomaterials that exist within a physiological environment without materials having 
an adverse effect on the body, or vice versa. It is often an adverse effect on a material 
by a physiological environment that causes the release of soluble or particulate 
matter from the material which can be the reason for an adverse response from the 
tissue (Williams, 1980). Biocompatibility is related to the behaviour of biomaterials 
in different parts of the body. The fundamental requirements of biomaterials 
appertain to the capability of the materials to perform efficiently with a suitable host 
response for the given application. That is, the materials and the tissue environment 
of the body should live without having any adverse or unsuitable effect on each other 
(Basu et al., 2009). Biocompatibility is a word which is used broadly in biomaterials. 
Biocompatibility was defined in 1987 by Williams as ‘the ability of a material to 
perform with an appropriate host response in a specific application.’ This means that 
the materials should elicit the correct response from any tissue with which it is in 
direct or indirect contact for a specific treatment (Basu et al., 2009). Biocompatible 
materials are materials that are designed to achieve particular functions within living 
tissue. Biomaterials must meet the following three criteria: 
  Bio-chemically compatible, non- irritable, non-toxic, non-carcinogenic and 
non-allergenic and non-inflammatory. 
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 Bio-mechanically compatible with the surrounding tissues. 
  The bio-adhesive contact is recognized between the materials and living 
tissues. 
It must be emphasized here that biocompatibility depends upon the set of 
applications. For instance, a particular material could be biocompatible in bone 
replacement, but the same material may not be biocompatible in a direct blood 
contact application (Basu et al., 2009). The important scientific issue for designing 
new biocompatible materials is to understand the interaction between biomaterials 
and natural tissues. In understanding the interaction and integration of biomaterials in 
the human body, it is worthwhile referring to the physicochemical composition of the 
human body. For example, the normal pH value is 7.4 and the normal temperature of 
human body is around 37.4 °C (Basu et al., 2009). Biocompatibility has 
conventionally been concerned with implantable devices that have been designed to 
remain within an individual for a long time; however, stability and clinical efficiency 
of implantable biomedical devices remain restricted, in part because of the lack of 
suitable biological interactions at the implant interface and the absence of integration 
into adjacent tissues (Williams, 2008; Meyers et al., 2009). 
2.1.1 Host Response to Biomaterials 
To develop new materials, it is imperative to understand the in vivo host response of 
different biomaterials. Ideally, biomaterials should not induce any change or 
undesirable reaction in the adjacent or remote tissues. That means there is potentially 
interrelated responses of the two stages between the biomaterial–tissue compound 
and the interfacial phenomena which come into play when they meet (Basu et al., 
2009; Williams, 2008). Perhaps the most significant fundamental principle is that the 
mechanisms by which materials and human tissues respond to each other are not 
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solely for a particular application but are just variations natural procedures that occur 
within materials and biological sciences. An important phase of host response 
includes the formation of a structural and biological connection between the material 
and host tissues. Where there is no biocompatibility, the materials produce tissue 
responses that can be either systemic or local. Systemic responses can be toxic or 
allergic through the creation of polymer degradation and metallic corrosion, which 
can release micro particles from the materials (Basu et al., 2009; Williams, 2008). 
Compatibility between prostheses and tissue is very essential and critical for the 
long-term success of the implant. The requirement that there should be appropriate 
biocompatibility between the host and the prosthesis, that is considered to be foreign 
body, usually overrides all others and the degree of success is often largely 
determined by this factor (Williams, 1980). A biomaterial implanted into the body 
provokes an adverse response, termed the foreign body reaction as shown in Figure 
2.1 (Ratner and Bryant, 2004). Within the host, in the usual situation, we may 
imagine a series of actions, potentially involving the interaction between proteins and 
other physiological molecules with the material surface, the beginning of immune 
responses or inflammation, and then, the repair or regeneration processes, which may 
tend to steady equilibrium between the material and the host (Williams, 2008).The 
response normally happens at the tissue-implant interface and depends upon many 
factors such as the tissue health, tissue type, tissue age, blood supply, mechanical 
load, amount of motion, composition of the implant and any implant-mediated 
chemical reactions (Long, 2008). 
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 Figure 2. 1 The foreign body reaction as illustrated here is the normal reaction by 
higher organisms to an implanted synthetic material (Ratner and Bryant, 2004). 
2.2 Materials Selected for Joint Replacement 
The Materials used in hip or knee joint replacement are generally called biomaterials. 
Biomaterials used for hip or knee replacement must meet various criteria in order to 
perform successfully. The materials selected ought to be biocompatible in the body’s 
environment or perform in vivo without inducing a harmful local or systemic 
reaction, i.e. materials must be inert, non-irritant, non-toxic, non-inflammatory and 
non-allergic (Sharma, 2005; Shanbhag et al., 2006). 
Another factor in material choice for an artificial joint is its mechanical properties. 
The mechanical properties that are of major importance are Young’s modulus, 
hardness, toughness, elongation and tensile strength. Another property is fatigue 
strength during which a material is subjected to repeated cyclic loads and strains. 
These properties are used to determine the long-term success of an implantation 
subjected to cyclic loading. These mechanical properties for a hip or knee joints must 
be as close as possible to those of bone. If the material has a higher Young's modulus 
(stiffness) than bone, it will prevent stress being transferred to adjacent bone and thus 
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causes bone resorption due to death of bone cells around the implant, resulting in the 
loosening of the implant. This biomechanical incompatibility is called stress 
shielding (Geetha et al., 2009). It has been suggested that when bone loss is 
excessive, it can compromise the long-term clinical performance of the prosthesis. In 
addition, materials for use in joint replacement or bearing surface must be resistant to 
corrosion and degradation so as body fluids do not adversely affect any of their 
properties (Shanbhag et al., 2006; Ryan et al., 2006). These materials also ought to 
be wear-resistant for over ten million cycles of use with minimum release of 
particulate debris. Also, implant materials ought to be easy to manufacture and at 
relatively low cost. If these criteria are not met by a biomaterial, they will lead to the 
failure of joint prostheses. In some cases, the failure also comes from a defect in the 
design (Shanbhag et al., 2006). There are different types of biomaterials used as joint 
prostheses and this chapter describes three general classes of materials used for hip 
joint prostheses: metals, polymers and ceramics. These materials must be sufficiently 
strong and tough to resist the physiological loads placed upon them over many years.  
2.2.1 Metallic Alloys 
Metals and their alloys play an important role as implants for replacement of bone 
which has become diseased or damaged. Metallic alloys are better suited to load 
bearing in hip and knee joint prostheses, because of their mechanical properties, 
flexibility, ductility, high strength, corrosion resistance, wear resistance and 
biocompatibility required for joint arthroplasty (Shanbhag et al., 2006, Rosca et al., 
2007, Bártolo el at., 2008). Metals, when compared to ceramics and polymers, are 
better suited to artificial joint because they possess high fracture toughness and 
tensile strength (Bombač et al., 2007). Other advantages are that metals are readily 
available and easy to fabricate from their raw state to the finished product (Bártolo et 
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al., 2008). Nevertheless, the most important constraint of  some metallic alloys is the 
release of metal ions (toxic) that can have various adverse effects in the body’s 
environment (Rosca et al., 2007). These metal ions are released when the metal 
orthopaedic implant is exposed to different mechanisms such as, corrosion and wear, 
leading to failure of the implant and osteolysis (Okazakia et al., 2005). Therefore, it 
is necessary for an orthopedic implant in a biological system to have very little metal 
ion release (Williams, 2008).  
Metallic alloys as artificial joints are categorized as inert, because they induce the 
least   tissue reaction. This chapter describes various types of metals that are most 
widely used for hip or knee prostheses including stainless steel, cobalt-chromium and 
titanium alloys. Our body environment accepts these materials due to their passive 
oxide film created on the surface and that these alloys have a particular biological 
role.   
2.2.1.1 Stainless Steel 
Stainless steel is an extensively-used, cost-effective orthopeadic implant material for 
surface bearing such as a hip or a knee (see Figure 2.2) due to its mechanical 
properties and its malleability during forming and implantation (Cieślik et al., 2009). 
The properties of steel alloys can be changed by adding or removing some elements, 
such as nickel, chromium, manganese and molybdenum, but the primary elements of 
steel alloys are iron and carbon. Steels which have more than 12% chromium content 
are called stainless steels.  
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 Figure 2. 2 Standard stainless steel femoral hip prosthesis (Edwards, 2008). 
Corrosion resistance of steels increases with an increase in chromium content 
because it creates a strongly-adherent passive oxide film       . It is formed when 
an implant is manufactured, as chromium (Cr) on the surface reacts with oxygen that 
provides a passive layer defending the material from the environment. If the surface 
is damaged, the scratched oxide film reforms almost immediately known as self-
healing. In addition, chromium gives strength and hardening to steel (Bártolo et al., 
2008; Shanbhag et al., 2006; Bombač et al., 2007). Adding molybdenum (Mo) and 
nickel (Ni) increases corrosion resistance as well. On the other hand, adding carbon 
ultimately increases corrosion resistance in stainless steel during manufacturing and 
heat treatment but the chromium content is reduced as chromium carbide          is 
produced. However, the level of carbon content must be kept to a minimum in 
stainless steel to retain resistance to corrosion (Bártolo et al., 2008; Teoh et al., 
2004).The most common stainless steel used for orthopeadic implants is the 
austenitic type 316L due to its corrosion-resistance. The American Society for 
Testing and Materials (ASTM) detail the chemical composition and properties in 
specification F138. The ‘L’ in 316L indicates low carbon concentration and for 316L 
stainless steel is generally below 0.03 wt% of carbon. The lower carbon 
concentration decreases chromium carbide precipitation, thus, reducing in vivo 
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corrosion (Bombač et al., 2007). Type 316L austenitic stainless steel is nonmagnetic. 
Generally, the disadvantages of austenitic stainless steel are their higher sensitivity 
toward stress corrosion and pitting corrosion.  Pitting corrosion occurs when 
dissolved oxygen reacts with chloride ions and it causes deep pits on the surfaces of 
the metal, as shown in Figure 2.3. 
The chemical composition of 316L austenitic stainless steel was improved to attain a 
stable austenitic structure as follows: ≤ 0.03 wt% C, 16-18 wt% Cr, 12-15 wt% Ni, 2-
3 wt %Mo and smaller amounts of manganese (≤ 2.0 wt % Mn),  nitrogen (N), 
silicon (Si) and phosphorus (P) (Navarro et al., 2008 ; Bombač et al., 2007 ). 
Addition of nickel (Ni) stabilizes the austenitic form of iron, γ Fe with FCC (Face 
Centered Cubic) crystal structure at room temperature, and also, manganese helps to 
stabilize austenitic stainless steel (Navarro et al., 2008; Park et al., 2000; Bombač et 
al., 2007). 
  
 Figure 2. 3 Corrosion pits on the stem of 316L stainless steel prosthesis removed 
after 5 years (Pazzagliac et al., 1983). 
Other methods for developing the properties of 316L austenitic stainless steel are by 
heat treatment to attain, ductility and strength and cold working to obtain hardness 
and strength. These methods realign the atomic structure of the stainless steel and the 
size of the individual grains becomes small to ~100µm or less to ensure suitable 
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strength for implantation (Park et al., 2007; Shanbhag et al., 2006). Heat treatment 
can strengthen stainless steel, but can have a detrimental effect on its properties 
because, although it increases strength of the steel, there is a consequent decrease in 
corrosion resistance when implanted in the body. About 30% of 316L stainless steel 
is generally used in a cold worked state for orthopaedic implants because cold 
working   improves tensile strength, yield strength and fatigue strength as compared 
to the annealed state as shown in Table 2.1. Therefore, austenitic 316L stainless steel 
can be hardened and strengthed by cold working, but with a decrease in ductility, but 
cannot be hardened by heat treatment (Park et al., 2007; Shanbhag et al., 2006; 
Ratner et al., 2004). 
Table 2. 1 Mechanical properties of 316L stainless steel for implants (Park et al., 
2007; Ratner et al., 2004). 
Materials Condition  Tensile 
strength 
(MPa)  
Young‘s 
modulus 
(GPa) 
Yield 
strength 
(MPa) 
Fatigue 
strength 
(MPa) 
316L SS Cold Worked 930 200 760 300-450 
316L SS Annealed 586 200 331 241-276 
 
Austenitic 316L stainless steel has Young's modulus about 200 GPa and a density of 
8000 Kg/m³. The advantage of 316L austenitic stainless steel is easy to fabricate and 
low cost when compared with titanium and cobalt-chromium alloys. Also it 
possesses good corrosion resistance and adequate density for load-bearing joint 
purposes, hence making this material ideal for surgical implants (Mudali et al., 
2003). The disadvantages of type 316L stainless steel are that it may corrode at high 
stresses inside the body within an oxygen-depleted region and its susceptibility to 
crevice corrosion, stress corrosion and cracking. The high Young’s modulus of 
stainless steel can lead to stress shielding of surrounding bone that can result in bone 
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resorption and then loosening of the implant. Currently, devices made of stainless 
steel are temporarily restricted to load bearing due to nickel toxicity in the body, but 
have relatively low cost, this is the reason why stainless steel is still utilized as a 
biomaterial (Teoh et al., 2004; Ahmad et al, 2007). Stainless steel in orthopeadic 
joint prostheses is inferior when compared to titanium and cobalt chromium alloys 
because these alloys demonstrate greater mechanical properties and corrosion 
resistance. One of the main reasons why the MoM 316L austenitic stainless steel was 
discarded and superseded by the MoM Co-Cr-Mo alloy, was because of its high 
friction and large number of wear debris, which lead to rapid loosening and hence its 
limited application. 
2.2.1.2 Cobalt-Chromium Alloy 
Recently, the use of cobalt chromium alloys as orthopaedic joint prostheses such as 
hip and knee have increased due to their good biocompatibility and mechanical 
properties. Cobalt chromium alloys also have better corrosion and wear resistance in 
physiological environments than stainless steel alloys, though they are heavier (Shi, 
2006). Cobalt chromium alloys are generally nonmagnetic. There are two types of 
cobalt chromium alloys commonly used for artificial joints: the cast F75 (Co-Cr-Mo) 
alloy and wrought by hot forging F562 (Co-Ni-Cr-Mo) alloy (Teoh et al., 2004). 
These alloys of cobalt chromium have excellent corrosion resistance because of the 
formation of a very thin passive oxide layer         that spontaneously forms on the 
surface of the alloy as is the case with stainless steel alloys (Bombač et al., 2007). 
As with stainless steel alloys, the cobalt chromium alloys contain chromium (Cr), 
molybdenum (Mo) and nickel (Ni) but, very little compared to iron than stainless 
steel alloys. Cobalt chromium alloys also have minimal carbon. As shown in Table 
2.2 the chemical composition of these alloys are quite diverse (Clerc et al., 1997). 
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Addition of molybdenum induces a finer grain size, strengthens the solid solution 
after casting or forging and enhances corrosion resistance. The chromium also 
improves corrosion resistance and the strength of cobalt chromium alloys. Both 
cobalt chromium alloys possess two phases: solid solution and metal 
carbides       . Cobalt chromium alloys consist of two allotropic forms: 
Hexagonal Close-Packed (HCP) (ε-Co) phase and FCC phase (α-Co) (Jones et al., 
2005; Shi, 2006).   
Table 2. 2 Chemical compositions of Co-based alloys (Park et al., 2007). 
Elements CoCrMo (F75) wt% CoNiCrMo (F562)wt% 
Cr 26-30 19.0-21.0 
Mo 5-7 9.0-10.5 
Mn 1.0 0.15 
Fe 0.75 0.15 
C 0.35 0.025 
Si 1.0 0.15 
Mg 1.0 - 
Ni 2.5 33.0-37.0 
Co balance balance 
 
Nickel that is added to improve castability, machinability and stability of solid 
solution (α-Co) FCC phase, must be restricted to less than 1% to ensure minimal 
toxicity in the   body. Carbon is added to improve castability, which decreases the 
melting point by about 100 °C; also low carbon content enhances the ability to forge 
the alloy. The distribution of carbides in these alloys helps to increase wear 
resistance, especially in cast alloy (Teoh et al., 2004).  The mechanical properties of 
these alloys are improved by chemical composition and with fine homogeneous 
microstructures. Generally, cobalt chromium alloys have been extensively used as 
total joint prostheses (see Figure 2.4) owing to their mechanical properties, high 
Young’s modulus (230GPa), high density ( 8500 Kg/m³), melting point (1395-
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1400°C), yield strength and tensile strength, but their ductility is poor (Dahlkea et al., 
2008; Shi, 2006). Importantly, these alloys have higher wear resistance than stainless 
steel alloys, because of their hardness, tensile strength and yield strength. The 
mechanical properties of cobalt chromium are shown in Table 2.3. 
 
Figure2. 4 Cobalt chromium alloy for hip joint replacement 
(http://www.materials.qmul.ac.uk). 
The Co-Cr-Mo alloys are currently used as cast alloys for femoral components 
because casting can give rise to coarse grain size, shrinked cavities in the structure, 
as well as high wear resistance and corrosion resistance. However, cast cobalt 
chromium alloy have lower fatigue strength than forged alloys due to lower 
elongation of about 8% (Teoh et al, 2004; Alvarado et al., 2003). Forged (Co-Cr-Ni-
Mo) alloy is not recommended for the bearing surface of a joint prosthesis due to its 
poor friction with itself and other materials. However, it is used for stem prostheses 
of hip or knee joints due to its fatigue strength, which aids longevity without fracture 
or fatigue. Forged alloys have much higher tensile strength, yield strength, fatigue 
strength and ductility than cast cobalt chromium molybdenum alloys, but less wear 
resistance than cast alloy. Both cobalt chromium alloys have the same Young’s 
modulus which does not change with variations in ultimate tensile strength. CoCrMo 
alloys have more superior tribological properties than titanium alloys when used as 
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artificial joints (Shi, 2006; Alvarado et al., 2003). One disadvantage of these alloys is 
that they are difficult to fabricate. 
Table 2. 3 Mechanical properties of cobalt chromium alloys (Park et al., 2007; 
Ratner et al., 2004). 
Material Young 's 
Modulus 
(GPa) 
Yield 
strength 
(MPa) 
Tensile 
strength 
(MPa) 
Fatigue 
Strength 
(MPa) 
Elongation 
% 
Cast 
CoCrMo 
alloy 
230 448-517 655-890 200-310 10 
Wrought 
CoNiCrMo 
alloy 
230 900-1200 1399-1590 600-900 60 
  
2.2.1.3 Titanium and Titanium-Based Alloys 
Recently, commercially pure titanium (CP-Ti) and Ti-6Al-4V alloys have achieved 
widespread usage as joint replacements (see Figure 2.5) because of their excellent 
biocompatibility, low density, Young’s modulus, good corrosion resistance and 
fatigue strength. The superior properties of this material that are not subjected to 
weight loading over a long period of time since they integrate with the adjacent bone 
tissue without any intervening fibrous tissue formed after implantation. This is called 
osteointegration (Bártolo el at., 2008; Nishiguchi et al., 2001).       
Commercial pure titanium (CP-Ti) and Ti-6Al-4V alloy obtain their resistance to 
corrosion by the creation of a thin oxide layer of      . This oxide layer forms a thin 
adherent film and passivates the material. This is the layer responsible for a better 
biocompatibility than cobalt chromium alloys and stainless steel, because titanium 
has a low electrical conductivity (Park et al., 2007; Bombač et al., 2007). 
Commercial pure titanium consists of 98.9-99.6 wt%Ti; its microstructure consists of 
single-phase α-Ti grains. The most common alloy of titanium used for joint 
replacement is Ti-6Al-4V alloy (ASTM F 136). The elements of this alloy are 
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restricted to 5.5-6.5 wt% Al and 3.5-4.5 wt% V and its microstructure consists of 90 
vol. % of α-Ti and 10 vol. % of β-Ti. Other elements present in pure titanium and 
titanium alloys are oxygen, nitrogen, hydrogen, carbon and iron and they must be 
controlled carefully. Oxygen particularly has an enormous impact on strength and 
ductility (Park et al., 2007; Shi, 2006) and also has a large effect on fatigue strength, 
yield strength and ductility. It can be seen in Table 2.4 that pure titanium improved 
its strength when there was an increase in the oxygen content from grade one to four, 
and therefore the increased use of pure titanium grade 4 as implants. The chemical 
compositions of titanium and Ti-6Al-4V alloy are shown in Table 2.4.  
 
 Figure 2. 5 Acetabular shell (socket-left) and femoral stem (right) implants of 
titanium alloy (Courtesy: Depuy Orthopedics, Inc.) (Bártolo et al., 2008). 
Table 2. 4 Chemical compositions of titanium and Ti-6Al-l4V alloy (Park et al., 
2007). 
Element Grade 1 Grade 2 Grade 3 Grade 4 Ti6Al4V 
Nitrogen 0.03 0.03 0.05 0.05 0.05 
Carbon 0.10 0.10 0.10 0.10 0.08 
Hydrogen 0.015 0.015 0.015 0.015 0.0125 
Iron 0.20 0.30 0.30 0.50 0.25 
Oxygen 0.18 0.25 0.35 0.40 0.13 
Titanium Balance Balance Balance Balance Balance 
 
Generally, commercially pure titanium and titanium alloys are allotropic and they 
occur in one or a mixture of two basic crystalline structures: α-Ti with Hexagonal 
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Close-Packed (HCP) crystal structure up to a temperature of 882.5°C and β-Ti with 
Body-Centered Cubic (BCC) crystalline structure above this temperature. Ti-6Al-4V 
alloy has a HCP crystalline structure at room temperature and transforms to the BCC 
crystalline structure when heated above the phase transformation temperature of 
882.5°C, as shown in Figure 2.6 (Raabe et al., 2007; Park et al., 2007). These 
structures depend on the chemical composition of the alloys. Components that have 
been employed to stabilize the α-Ti phase include: tin (Sn), oxygen (O), lanthanum 
(La) and aluminum (Al). Components which can stabilize β-Ti phase include: 
vanadium (V), molybdenum (Mo), chromium (Cr) and niobium (Nb). Also, these 
microstructures can be dramatically changed by heat treatment which is discussed in 
the following section. The most biocompatible components that can be obtained are 
those of titanium alloys with Ta, Mo, Nb and Zr, as alloying elements for stabilizing 
the BCC β-Ti phase. Indeed these elements are desirable because they do not exhibit 
any toxicity and have better mechanical properties than α and α +β alloys (Raabe et 
al., 2007). 
 
 Figure 2. 6 Microstructure of Ti-6Al-4V alloy (α-phase is the dark region and β-
phase is the light region (Raabe et al., 2007). 
Recently Ti-6Al-4V alloy has been shown to be toxic because of vanadium and 
aluminium being toxic to the human body. Also, while compared with metals like 
nickel and chromium, vanadium may be more toxic. Therefore, newly developed 
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titanium alloys do not have V and Al and instead they have comprising elements 
which are not toxic, for example Mo, Nb, Zr, Sn and Ta.  These alloys are designated 
as V-free titanium like Ti-15Mo-5Zr-3Al, Ti–6Al–7Nb and Ti–5Al–2.5Fe and they 
have lower Young’s modulus and this means that these alloys are suitable for joint 
replacement (Yaszemski et al., 2004; Bombač et al., 2007). 
The mechanical properties of commercially pure titanium (CP-Ti) and titanium 
alloys display very interesting properties. As with any material, mechanical 
properties depend on its composition and microstructure during manufacture. The 
mechanical properties of these materials have been improved by heat treatment and 
cold working. Commercially pure titanium (CP-Ti) possesses a relatively low density 
of about 4500 Kg/m³, a Young modulus of 105 GPa and a high melting point of 
1668°C. Titanium alloys have high tensile strengths, as high as 1400MPa, high 
ductility and are easily forged (Alvarado et al., 2003).   It is better to use titanium 
alloys that have superior mechanical properties than pure titanium. Pure titanium 
(CP-Ti) has a lower strength than titanium alloys; therefore, titanium alloys are more 
suitable for joint prostheses. Since titanium alloys have a lower Young's modulus 
(74-110 GPa) than stainless steels alloy and cobalt chromium alloys, they are more 
suitable for joint prostheses for reducing stress shielding. However, the Young’s 
modulus of Ti-6Al-4V is still much greater than that of cortical bone. The elastic 
module of these alloys have been improved by heat treatment, resulting in reduced 
elastic modulus, which is a positive factor in reducing bone resorption (Katti, 2004). 
The mechanical properties of pure titanium and titanium alloys are given in Table 
2.5. 
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Table 2. 5  Mechanical properties of the titanium and its alloys (Park et al., 2007; 
Ratner et al., 2004). 
Materials Young's 
modulus 
(GPa) 
Yield 
strength 
(MPa) 
Tensile 
strength 
(MPa) 
Fatigue 
strength 
(MPa) 
Elongation 
(%)  
Pure Ti 
(grad 4) 
105 485  785 380  15   
Ti-6Al-4V 110 485-896
   
960-970 500-620
   
10- 8 min  
Ti–6Al–
7Nb 
105  725  1024  540   12 
Ti-13Nb-
13Zr 
 79 836-908   1030 500  10-16  
 
However, pure Ti and its alloys have generally poor wear resistance due to the low 
shear strength that limits their biomedical use (Yaszemski et al., 2004; Boampong et 
al., 2003). Also, the wear resistance of pure Ti and Ti alloys compared with stainless 
steel and cobalt chromium alloys is poor and this makes it less suitable for a bearing 
joint. The reason is that titanium tends to undergo severe wear when it is rubbed 
against itself or against other metals. Also titanium alloys with high coefficient of 
friction can lead to the formation of wear debris that result in an inflammatory 
reaction, causing pain and loosening of the implant due to osteolysis (Geetha et al., 
2009). Hence, titanium should be used for the stem only, not as a bearing surface. 
Also, another major disadvantage is the high cost due to difficulties in manufacturing 
Ti and its alloys. 
2.2.2 Polymers  
Polymers are widely used for synthetic joint because of their easy to fabricate into 
various sizes and shapes compared to metals and ceramics and mechanical properties 
that match those of the bone. They are also light in weight with a wide range of 
mechanical properties for different applications. Polymers have long-chains of 
molecules that are connected by large number of repeating units via covalent bonds. 
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There are mainly three types of polymers used for orthopaedic application: 
polytetrafluoroethylene (PTFE), polymethylmetacrylate (PMMA), ultra high 
molecular weight polyethylene (UHMWPE) (Bártolo et al., 2008). 
Poly methyl methacrylate (PMMA) or bone cement is used for fixating purpose of 
joint prostheses, e.g. hip and knee. Bone cement is mainly made of poly methyl 
methacrylate (PMMA) powder (15.0 wt %) and monomer methyl methacrylate liquid 
(97.4 vol. %). Whilst mixing the powder and the liquid together, the monomer liquid 
is polymerized by the free radicals. The process continues until long-chain molecules 
are formed. The monomer liquid will wet the polymer powder particle surfaces and 
link them together after polymerization (Park et al., 2007). Commonly known as 
Teflon, polytetrafluoroethylene (PTFE) is a prime candidate for implanting and it 
exhibits a non-reactive behaviour, high elasticity and extremely low coefficient of 
friction (Bártolo et al., 2008; Shi, 2006). PTFE that is used as implants were 
fabricated by Charnley in early 1960s. At this time, the stainless steel femoral THR 
component was mated with a PTFE acetabular cup; however, poor wear resistance 
and distortion in these components prevented further use of PTFE as an important 
biomaterial for acetabular cups. Ultra-high molecular weight polyethylene 
(UHMWPE) has been the most commonly used bearing material in total hip 
replacements (THR) for more than 40 years, since Charnley recommended it for total 
hip replacement (THR), because of its biocompatibility excellent mechanical 
properties and stability in human body. Also UHMWPE has many attractive 
properties, notably high abrasion resistance, low friction, high impact strength, 
excellent toughness, low density and ease of fabrication. These properties make it 
ideal for use in fabricating bearing surfaces in arthroplasties. In fact, UHMWPE is 
the sole material currently used for the manufacture of the liner of the acetabular cup 
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in total hip arthroplasties (THAs), the tibial insert and the patellar component in total 
knee arthroplasties as shown in Figures 2.7 and 2.8 (Bal et al., 2007). 
 
 Figure 2. 7  Prosthetic knee implants with ceramic (stabilized     )-on-UHMWPE 
bearing couple (left) and metal (CoCr alloy)-on-UHMWPE bearing couple (right) 
(Bal et al., 2007). 
 
 Figure 2. 8 Metal-on-UHMWPE (CoCr-on-UHMWPE) bearing couple. The implant 
stem is a titanium alloy, typically Ti-6Al-4V (Bal et al., 2007). 
In these cases, the clinical performance of the components is considered to be very 
good except concerns about their wear (Shi, 2006). The mechanical and physical 
properties of ultra-high molecular weight polyethylene are illustrated in Table 2.6. 
Acetabular cups are made of ultra high molecular weight polyethylene against a 
polished metallic surface, made from cobalt–chromium or stainless steel alloy. These 
joint combinations are the result of decades of development in biomaterials and 
implant design, and exhibit relatively low wear rates and deformity as sliding 
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surfaces (Wang et al., 2009). However, recently they have been considered 
responsible for aseptic loosening and osteolysis on the bone-implant interface 
because of debris produced near the articular surfaces particularly in knee and hip 
replacements. This means that in the use of acetabular cups made of polyethylene, 
debris created by wear of polyethylene, the articulating surfaces are attacked by the 
body’s immune system. This leads to bone loss, also known as osteolysis. This is 
because debris accumulate in the area close to the implant, and leads to inflammatory 
reaction and bone resorption leads to the loosening of the implant stem. This results 
in revision surgery. Thus, the main problems associated with the use of polyethylene 
as acetabular are not the wear of the cups themselves, but the wear of the interfacial 
adhesion between tissue and implant (Katti, 2004; Franceschini et al., 2004). 
 Table 2. 6 Typical average physical and mechanical properties of Ultra-High 
Molecular Weight Polyethylene (UHMWPE) (Kurtz, 2009). 
Property UHMWPE 
 
Molecular weight (106 g/mol) 
 
3.5-7.5 
Melting temperature (°C) 
 
132-138 
Poisson’s ratio 
 
0.46 
Tensile modulus of elasticity (GPa) 
 
0.925-0.945 
Tensile yield strength (MPa) 
 
21-28 
Tensile ultimate strength (MPa) 
 
39-48 
Tensile ultimate elongation (%) 
 
350-525 
 
Attempts to of combat polyethylene wear have concentrated on increasing the 
resistance of this material to oxidative degradation and on making the material more 
resistant to the abrasive and adhesive wear being mostly responsible for the release 
of submicron wear particles. The historical technique for sterilizing polyethylene 
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implant components has been to expose them to gamma radiation. This technique is 
now well known to cause oxidative degradation. The exposure to radiation energy 
causes chain scission and chain cross-linking. The result is a decrease in molecular 
weight, an increase in density and detrimental alterations in mechanical properties 
(i.e. an increase in elastic modulus and decrease in elongation and fracture 
toughness) that increase over time and that can add significantly to the wear problem 
(Shanbhag et al., 2006). Advantages of cross-linking are reduced wear and renewed 
interest in larger femoral heads for total hip replacement.     
2.2.3 Ceramics 
Ceramic biomaterials are inorganic, non-metallic materials that have superior 
compressive strength, stiffness, resistance to corrosion, low density and a biological 
inertness that make them useful for biomedical application. Ceramics used in the 
orthopaedic field are utilized for joint and bone segment replacements, and 
temporary for bone repair devices. Ceramics are also used as coatings for implants 
made of other materials to provide a biocompatible interface with the body. 
Traditionally known to be extremely hard, ceramics are limited by their relative 
brittleness and poor mechanical properties. Other advantageous of these ceramics are 
their high melting point, low electrical conductivity and low thermal conductivity. 
Ceramics also provide hardness and wear resistance, while the metallic core provides 
toughness and high strength for load-bearing applications. Ceramic structures can be 
designed with varying porosities for bonding with natural bone (Rodríguez et al., 
2004; Yaszemski et al., 2004). The microstructure of ceramics is highly dependent 
on elements of the functional manufacturing process, such as maximum temperature, 
duration of the thermal steps, purity of the powder, size and distribution of the grains 
and porosity which has direct effect on both mechanical and biological properties. In 
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contrast to conventional UHMWPE cups responsible for releasing wear debris that 
stimulate a foreign body reaction culminating osteolysis, ceramic debris are inert are 
bioactive. However, ceramic components suffer from early failures because of their 
low fracture toughness, therefore, significant efforts have been made to improve 
toughness by modifying the alloying and production processes as well as design 
requirements. Ceramic materials are widely used in total hip arthroplasties either as 
femoral heads articulated against polyethylene, or as acetabular cups in the alumina-
on-alumina combination as shown in Figure 2.9 and 2.10 (Navarro et al., 2008). 
 
 Figure 2. 9  Prosthetic hip implants with ceramic-on-ceramic (Alumina-on-Alumina) 
bearing couple. The implant stem is a titanium alloy, typically Ti-6Al-4V (Bal et al., 
2007). 
 
 Figure 2.10  A typical modular implant with the femoral stem along with ceramic-
on-polyethylene acetabular cup (Slonaker et al., 2004). 
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Ceramics are therefore a class of biocompatible materials that retain their mechanical 
and physical properties after implantation. Properties include the absence of 
biological reactions and non-carcinogenicity. The most commonly employed 
orthopaedic ceramics are alumina (aluminum oxide,      ) and zirconia (zirconium 
oxide,     ) (Binyamin et al., 2006). These materials have been commonly used for 
both total hip joint replacement (THR) and total knee replacement (TKR) for several 
decades. Alumina         was introduced as a candidate material for orthopedic 
bearings in 1970s, and stabilized zirconia        in mid-1980s (Bal et al., 2007). 
2.2.3.1 Alumina         
Alumina has been used in clinical applications for nearly 20 years because of its 
hardness, low friction, low wear, low surface roughness, fine grain size, high density, 
high purity and improved fracture toughness. The first use of alumina ceramic in 
total hip arthroplasty was carried out by Professor Pierre Boutin in France in 1970, 
replacing the traditional metal femoral heads with alumina. At present, about 50% of 
hip arthroplasties performed in Central Europe make use of ceramic ball heads. 
Further developments led to the introduction of ceramic acetabular cup components 
to bear against the ceramic femoral heads that reduced wear rates and patient 
complications associated with polyethylene wear debris as shown in Figure 2.16 
below (Piconi et al., 2003; Navarro et al., 2008; Joseph et al., 2009). Alumina 
        bond is characterized by high energetic ionic and covalent bonds. It is 
obtained from aluminium oxide powder pressed at high temperatures at about 
1600°C into dense cylindrical shapes. It is stable, i.e. bioinert and resists corrosion 
when implanted (Piconi et al., 2003; Bizot et al., 2001) 
Alumina performs very well under compression strength; however it is brittle under 
tension. As with several ceramics, alumina does not exhibit plastic deformation at 
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room temperature before fracturing (i.e. no yield point in stress-strain curve before 
fracture), and   fracture progresses very quickly indicating low toughness. Moreover, 
serious problems of stress shielding, due to a very high elastic modulus (380GPa) 
compared with cancellous bone, appear in elderly patients leading to the loosening of 
the alumina acetabular cup. This is the reason why a broadly accepted combination 
consists of using alumina for the head of the hip joint, while the acetabular 
component is made of ultra-high molecular weight polyethylene (UHMWPE).  In 
general terms, the tensile strength of alumina develops with higher density and 
smaller grain size (Piconi et al., 2003; Navarro et al., 2008). The physical and 
mechanical properties of alumina and zirconia are shown in Table 2.7. 
2.2.3.2 Zirconia           
Zirconia          is a white amorphous ceramic which changes its crystal structure 
with   an increase in temperature, from monoclinic crystalline state into a tetragonal 
crystalline and subsequent, cubic crystalline structure. Zirconium oxide ceramic has 
several advantages over other ceramic materials, due to its transformation toughening 
mechanisms, low thermal conductivity, abrasion resistance, good biocompatibility, 
and low wear rate and friction characteristics. Stabilized zirconia is commonly used 
in prosthetic devices such as ball heads because of its high strength, resistance to 
wear and surface finish, making this material potentially suitable for the highly-
loaded environments found in joint replacement. Today, worldwide more than 
500,000 zirconia ball heads and acetabular cups have been implanted (see Figures 
2.11 and 2.12) (Piconi et al., 2003; Yaszemski et al., 2004; Bártolo et al., 2008). 
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 Figure 2.11  Hip bearing incorporating an oxidized zirconium femoral head 
articulating against a UHMWPE acetabular liner in a metal shell (Kurtz, 2009). 
 
 Figure 2.12   Hard-on-hard and hard-on-soft bearing combinations currently used 
with contemporary medical-grade ceramics (Kurtz, 2009). 
The flexural strength and fracture toughness of zirconia is higher as compared to 
other ceramics. The physical and mechanical properties of alumina and zirconia are 
given in Table 2.7. Zirconia was introduced to solve the problem of alumina 
brittleness and the consequent potential failure of implants because of tissue 
inflammation adjacent to the bearing which, in turn, lead to bone loss and premature 
failure of the prosthetic joint by aseptic loosening and then repeat surgery to salvage 
failed THA and TKA. However, zirconia implants are known to accumulate fewer 
bacteria in vivo and undergo a lower rate of inflammation-associated processes 
compared with other materials. A requirement for successful bone implant 
integration is direct bone apposition which was observed at bone-zircona interfaces 
(Bártolo et al., 2008; Bal et al., 2007; Bombač et al., 2007). Some authors suggest 
that the use of zirconia may improve the mechanical strength of the ball head over 
35 
 
alumina, while others state that zirconia may also reduce polyethylene wear with 
respect to alumina. 
The limitation of ceramic surfaces in orthopedic implants is related to their 
brittleness, which can lead to catastrophic failure in vivo. However, improvements 
have been made in material quality, manufacturing processes and design 
requirements to alleviate such concerns. Nowadays, many hip implant components 
are made of a ceramic material rather than metal or polyethylene, because it is 
suitable in all patients and offers an increased advantage in younger patients owing to 
decreased wear debris generation. However, the success of any implant can be 
estimated only after a long period of implantation (Bal et al., 2007). 
Table 2. 7  Physical and mechanical properties of alumina and zirconia (Yaszemski 
et al., 2004). 
Property Alumina Zirconia 
Young modulus (GPa) 380 210 
Density          3.97 6.05 
Thermal conductivity (Wm   ) 30 2 
Hardness (Hv) 1900 1300 
Fracture toughness,     (MPa.m-½) 4 7-10 
Compression strength (MPa) 4100 2000 
        V= Vickers  
2.3 Manufacturing of Artificial Joint Prostheses 
The manufacturing of total joint prosthesis such as hip or knee is a very difficult job 
to perform due to the uneven curvatures and complex shapes which is necessary to 
mimic the shape of the natural joint. Also, modular joint prostheses include different 
sizes of components to suit the age of patient. This adds a complicating factor for 
prosthesis manufacturing. These different components are usually made of different 
materials, and the manufacturing process must be planned to achieve the desired 
geometric structure, internal properties, tolerances, and surface finish (Anasane et al., 
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2007). Also, the materials used for the manufacturing process might have undergone 
many changes in order to minimize the effect of wear, friction and the release of 
wear debris. The manufacturers have achieved many developments in the 
manufacturing process itself; firstly, they used casting but now they mainly use 
powder metallurgy. The manufacturing process is very important in improving the 
properties of the prosthesis.  
2.3.1 Metal Manufacturing Processes 
The materials comprising joint prostheses are usually formed using one of the three 
following methods: casting; forging or powder metallurgy. Stainless steel, cobalt 
chrome and titanium and their alloys are formed by either the investment casting, 
forging processes or powder metallurgy. The advantages of these processes are their 
design flexibility and close dimensional tolerances (Anasane et al., 2007). 
2.3.1.1 Investment Casting 
Casting metals refers to pouring liquid metal into molds and allowing it to solidify in 
order to give a specific shape. This means that casting can make metal products with 
complicated geometries. The investment casting process plays an important role in 
the manufacture of prostheses such as hip and knee (Singh, 2004). The investment 
casting process is one of the oldest metal-forming processes in history and is also 
termed lost-wax casting. Majority of joint components are manufactured by 
investment casting because it needs less machining, gives a tighter control of 
dimensions and is a relatively cheap process of metal forming  (Shi, 2006; Singh, 
2004). A simplified description of the steps involved in conventional processes for 
the casting of joint replacements is given below. 
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Step one: The shape is firstly produced as a wax mold of the engineered implant to 
be cast, such as a hip or knee component. Usually, hot wax is injected into a metal 
die and then the mold is cooled to solidify the wax copy into the final form of the 
component being cast. 
Step two: The patterns are removed from the metal die without any distortion of the 
shape. 
Step three: Several wax patterns are assembled to a wax tree with gating and runner 
systems to assist with liquid metal flow and gas evacuation during casting as shown 
in Figure 2.13.     
 
Figure 2.13  Joint prostheses in the form of wax tree 
(www.kciworld.com/Files/castingspapers/P5084-st.pdf). 
 
 Steps four and five:  The wax tree is then coated with a wet ceramic slurry layer 
and then a dry ceramic powder. This process should be repeated several times in 
order to build a thick ceramic mold around the wax tree.  
Steps six and seven: The ceramic shell is dried and then heated to the melting point 
of the wax to remove the wax pattern, leaving a hollow shell. 
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Steps eight and nine:  The ceramic shell is preheated to a high temperature to give it 
the strength needed for handling and pouring and then the mold is filled with a 
molten metal alloy for solidification in the shell. 
Step ten: The casting of the ceramic shell is removed by cut-off. Figure 2.14 
illustrates the steps of investment casting (Singh, 2004; Shanbhag et al., 2006; 
McMinn, 2009). The metal components can be cast to a geometry close to the final 
shape. Relatively little machining or polishing is required to complete the process 
(Shanbhag et al., 2006). 
   
Figure 2.14Schematic diagram illustrating the investment casting process used to 
manufacture some orthopaedic implants. The casting of femoral knee components is 
shown here (Shanbhag et al., 2006). 
2.3.1.2 Forging Process 
Forging involves the sequential shaping of a cast metal to wrought product into a 
final shape by allowing dynamic compression impacts between mating dies in a 
press. The material being forged is heated to a specific temperature before it is put 
into the press (see Figure 2.15). The process of forged joint replacement was created 
due to the demand for joint replacements increasing exponentially. The design and 
development of fine tooling helped to improve implant shapes (Wall et al., 2004). 
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  Figure 2.15 Schematic diagram illustrating the forging process used to manufacture 
some hip stems (Shanbhag et al., 2006). 
The metal used for forging is usually a wrought material. With proper temperature 
and strain control during forging, the grain size and chemical separation may be 
further reduced as compared to the original wrought metal. Forging is usually the 
most cost-effective process. Wrought materials are inherently stronger than their cast 
counterparts. Again, the hot forging processing of components essentially closes any 
pre-existing shrinkage voids and changes the material’s grain structures leading to 
superior mechanical and fatigue properties of the same metallic material (Cawley et 
al., 2003; Shanbhag et al., 2006). At room temperature, forging is also used to form 
metal components: a process known as cold working. Cold working can substantially 
increase the strengths of a metal, but it also decreases its ductility. With careful 
process control, cold working will also increase the fatigue performance of a cold 
forged component. During cold work, a metal is hardened due to a strain hardening 
effect. Only hot-forging can be used to fabricate a large implant with an alloy such as 
hip joint stems (Shi, 2006). 
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2.3.1.3 Powder Metallurgy 
Powder metallurgy (P/M) is a metal forming process to make products from metal 
powder. In this process, metal powder is compacted in a die under high pressure, and 
then sintering or heating the shape at a high temperature (lower than its melting 
point) is done for a long period to bond the particles together metallurgically and 
finally form a solid product. One of the popular processes is to sinter powder 
compacts using hot isostatic pressing (HIPing). Products of HIPing are superior to 
traditional sintering because HIPing efficiently enhances bonding between powder 
particles and decreases the porosity of products. Powder metallurgy way has two 
unique features: 
1- Powder Metallurgy can create metals with more homogenous composition 
and microstructure. 
2- Powder Metallurgy can generate alloy systems of chemical composition that 
cannot be produced by casting because there is no limit on the composition of 
the mixing powder (Shi, 2006). 
 2.3.1.4 Thermal Treatments 
The casting process is a relatively cheap process, exhibiting good corrosion 
resistance and with the required strength for orthopeadic implants, nevertheless, it 
produces an inhomogeneous microstructure and possible defects, such as porosity, 
during solidification, large grains size and low fatigue strength relative to wrought 
and forged components. Heat Treated (HT), Cold Working and Hot Isostatically 
Pressing (HIPing) are required to improve the mechanical and tribological properties 
of these products.  
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2.3.1.4.1 Stainless Steels 
Stainless steels are generally used in wrought or forged conditions. The austenitic 
stainless steels are usually annealed, cold worked or cold forged for increased 
strength. A range of strengths and ductility can be produced, and hence cannot be 
cold-worked without middle heat treatments. Annealing the material at temperatures 
below the melting point of the alloy precludes the carbides from melting, without the 
loss of its tensile properties. This process is normally carried out at temperatures 
around 500C°. The heat treatments should not, however stimulate the formation of 
chromium carbide in the grain boundaries as this may cause corrosion. The distortion 
of components by heat treatments can occur but this problem can be solved by 
controlling the uniformity of heating. After the scales are removed from the surface 
of the component, there it is polished to a mirror finish. The surface is then cleaned, 
degreased, and passivated in nitric acid (Rodríguez et al., 2004; Shanbhag et al., 
2006).   
2.3.1.4.2 Cobalt Chromium Molybdenum Alloy 
Cobalt–chromium alloys are usually manufactured by casting (ASTM F75 alloy) and 
forging (ASTM F799 alloy). Casting metals have large dendritic microstructures and 
exhibit alloy segregations that result in relatively lower strength and ductility. 
Reheating the cast metal and hot working by repeated rolling or forging, or by using 
other mechanical means to achieve progressively smaller thicknesses, homogenizes 
chemical and microstructure segregations and refines the microstructure. This results 
in metal alloys with improved strength and ductility when compared to cast metals 
(Shanbhag et al., 2006). Heat treatment, annealing and hot isostatically pressing 
(HIPing) have illustrated that ‘as-cast’ CoCrMo ( melting point 1395-1400°C) 
material’s assembly meets the requirements of ISO 5832-4 (ASTM F75) and supply 
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superior wear resistance, because these treatments dissolve some of the carbides, 
potentially compromising abrasive wear resistance (Shanbhag et al, 2006; McMinn, 
2009). Alloying can significantly change the materials microstructure and, therefore, 
its mechanical and tribological properties. Using the HIPing process, it is possible to 
attain implant properties such as controlled porosity and elastic modulus nearer to the 
natural bone.  Hot isostatically pressing (HIPing), microstructure, and in particular 
the volume fraction, size and distribution of carbides are critical to the development 
of a low wear rate system. Hot isostatic pressing (HIPing) involves heating a material 
close to its solidus temperature and under pressure. The cast components are heated 
to 900–1200°C followed by pressurizing the parts in an inert gas environment to 
15,000–25,000 psi for several hours to close any pores in the material and to prevent 
oxidation of the castings due to the reaction with oxygen, and hence, improve its 
mechanical properties (Cawley et al., 2003; McMinn, 2009). Low wear has been 
documented as an advantage of metal-on-metal hip articulations because of its 
hardness and toughness. Wrought materials on the other hand may be hot worked. 
Solution heat treatment between 1175- 1230°C and rapid cooling can induce a 
further strengthening. A solution heat treatment involves complete solution of the 
carbides in the matrix. The carbide forming elements increase the strength by a solid-
solution hardening. In order to avoid excessive grain growth, the carbides are not 
completely dissolved (Black, 1998). 
2.3.1.4.3 Titanium and its Alloys 
Like Co–Cr–Mo alloys, titanium alloys can also be cast using investment casting 
process, but Ti is a very reactive metal at high temperatures and burns readily in the 
presence of oxygen. Therefore, it requires an inert atmosphere for high-temperature 
processing, or can be processed by vacuum melting. Oxygen distributes readily in 
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titanium, and dissolved oxygen embrittles the metal. Titanium castings exhibit lower 
fatigue strength due to the presence of internal porosities, but it can now be treated 
by hot isostatic pressing for improved properties. Titanium hot-working or forging 
processes should be carried out below 925°C (Park et al., 2007). The titanium 
investment casting process uses a method very similar to the investment casting 
process described above, but the ceramic slurry materials used to make molds for 
titanium casting must not react with the molten titanium. HIPing is carried out after 
casting so as to improve the mechanical properties of the implant. The mechanical 
properties of cast and HIPed titanium alloys are similar to those of wrought and 
forged titanium alloys (Shanbhag et al, 2006). 
2.3.2 Manufacture of Ultra High Molecular Weight Polyethylene 
(UHMWPE) 
 
Ultra high molecular weight polyethylene (UHMWPE) as orthopaedic implant is 
usually produced   from UHMWPE powders and must be consolidated under high 
temperatures and pressures. Because of the very high melt viscosity and the high 
density of UHMWPE this polymer cannot be fabricated by traditional polymer 
processing techniques, such as injection molding, screw extrusion, or blow molding. 
This is due to its very high melting point and viscosity, as well as increase is 
molecular weight. The molecular chains of polyethylene start to become entangled 
and therefore UHMWPE does not flow like low molecular weight polyethylene when 
raised above its melting point. Therefore, different methods are used to fabricate 
UHMWPE for joint replacement, such as compression molding and ram extrusion. 
UHMWPE is extruded under heat and pressure, through a die, to form a cylindrical 
bar. The components are then machined from the bar into their final form (Gul and 
McGarry, 2004). Compression molding is a common method to produce UHMWPE 
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joints, and thus the powder can be converted to sheets, rods or other preformed 
shapes by compression molding to facilitate subsequent machining operations by 
orthopaedic implant manufacturers as shown in Figure 2.16. Because UHMWPE can 
be damaged by excessive heat, the feed rate, tool cutting force and spindle speed 
must be closely monitored during manufacture. Close mechanical tolerances 
generally require the manufacturing environment temperature to be carefully 
controlled (Kurtz, 2009). 
 
 Figure 2.16 Typical processing steps in the manufacture of UHMWPE implants, 
starting with the resin powder (A); (B) Semifinished rods that have been 
consolidated from the resin powder; (C) Machining of the UHMWPE rods on a lathe; 
(D) UHMWPE acetabular component after machining (Kurtz, 2009). 
2.3.3 Manufacturing Procedure for Ceramics 
Ceramic prostheses are usually manufactured by the powder metallurgy (Green 
body) process. The raw materials for alumina and zirconia oxide are fine grained 
powders which in our case are very pure with particle size < 1μm and average of 
1.4μm. Adding 0.5 % of maganesium oxide       to alumina ceramic is used as a 
sintering aid in order to fire the ceramic with a better density; this is extremely 
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helpful for achieving almost full density at a low temperature. These are mixed 
together using a 3D Turbula mixer for half an hour. The effect is a significant 
decrease in grain growth, and an increase in the strength of the ceramic. Then the 
mixture is rendered into a ‘‘green body” by compression at >700 MPa in vacuum or 
Argon and green-machined with a suitable mould to get the shape very close to the 
end product. Then the product is fired at ~1700°C for alumina and 1450˚C for 
Zirconia under vacuum or by using Argon in order to stop further oxidation of the 
material. This kind of processing is also called sintering. To achieve full density, the 
product has to undergo a process called HIPing (hot isostatic pressing). HIPing in 
bioceramic production minimizes the residual stresses within ceramic pieces and 
gives ceramics their density, where the ceramic components are subjected to very 
high pressure (1000bar) at the same firing temperature. Finally, the parts made are 
finished by grinding and polishing where necessary; this is done using diamond paste 
starting with 6μm and then progressing to 0.1μm to achieve the required surface 
roughness, which is ~0.02μm (Yaszemski et al., 2004; Piconi et al., 2003). 
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CHAPTER THREE 
3.0 Natural Synovial Joint 
Natural synovial joints, such as hips and knees are complicated and delicate 
structures capable of functioning under critical conditions and remarkable loads. 
Their performance is due to the optimized combination of articular cartilage, a load-
bearing connective tissue covering the bones involved in the joint and synovial fluid, 
a nutrient fluid secreted within the joint area. Also, these bearings are expected to 
function in the human body for a lifetime whilst transmitting large dynamic loads 
and yet accommodating a wide range of movements, because they have excellent 
tribological properties, mainly in terms of high resistance to wear and low 
coefficients of friction (Liua et al., 2007; Batista et al., 2004).   A typical synovial 
joint consists of two bones for example, the hip joint consists of a ball (femoral head) 
at the top of the thighbone (femur) which fits into a rounded socket (acetabulum) in 
the pelvis and knee consists of the femur, tibia and patella as shown in Figures 3.1 
and 3.2, each with articular cartilage on the end of the bones which is the bearing 
material of synovial joints. Articular cartilage reduces friction and wear at the 
articulations over a life span because it is a highly hydrated tissue. Articular cartilage 
is an extremely complex material, consisting of water; sodium and chloride (see 
Figure 3.3). The surrounding tissue matrix consists primarily of a protein called 
collagen. The collagen has a fibrillar structure which is well suited to sustain tensile 
stresses. Internal interstitial fluid pressure leads to low levels of friction even under 
extensive periods of loading. During articulation and walking this is further 
supplemented by elastohydrodynamic lubrication at the surface. Synovial fluid is a 
dialysate of blood plasma containing electrolytes, cells, long-chain protein molecules 
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and other biological constituents (Ateshian et al., 2006; Yew et al., 2004; Mao et al., 
2005).   
Synovial fluid has two functions: lubrication and sustenance of the cartilage. The 
protein content of synovial fluid is about 20 mg/ml (2%) and the proteins of synovial 
fluid are matched with the proteins of blood plasma. The normal healthy synovial 
fluid exhibits a highly non-Newtonian viscosity; the viscosity decreases as the shear 
rate increases (≥3000   ). Some diseases reduce the viscosity of the synovial fluid 
and it becomes independent of the shear rate. This is caused by the reduced 
concentration of the hyaluronic acid in the pathological synovial fluid (Northwood et 
al., 2007; Mao et al., 2005). These soft layers of articular cartilage and synovial fluid 
deform on contact, giving large contact areas, low contact stresses and what is 
supposed to be a fluid film lubrication regime during walking. When we are standing 
still or moving slowly, these fluid films reduce and can breakdown, therefore 
boundary lubrication within the synovial fluid and the pores of articular cartilage 
operate to defend the articulating surfaces from damage (Stewart et al., 1997). 
 
Figure 3. 1Natural hip joint (www.methodisthealthsystem.org/body.cfm). 
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Figure 3. 2 Natural knee joint (http://orthoinfo.aaos.org/topic.cfm). 
 
 
Figure 3. 3 Cross-section of the patellofemoral joint from a human knee, showing the 
articular layers (Ateshian et al., 2006). 
Joint function is involved in a wide range of movements and load transmissions. 
Unfortunately; human joints are prone to degenerative and inflammatory diseases 
that result in pain and joint stiffness. Trauma may damage the articulating surfaces, 
the articular cartilage or the joint, which can cause continuous pain and disability 
indicating a structure having poor wear resistance. Diseases such as osteoarthritis and 
rheumatoid arthritis may also result (Liua et al., 2007; Batista et al., 2004). 
Osteoarthritis is a degenerative arthritis disease because it leads to the destruction of 
cartilage and the eventual wear of the supporting bone causing friction between the 
ball and the socket of the hip with severe pain (see Figure 3.4). Osteoarthritis is one 
of the oldest and most common kinds of arthritis. Osteoarthritis of the hips and knees 
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have a high incidence around the world. For those over 40 years of age, joint 
degeneration may arise from excessive loading conditions, or from failure or 
degeneration of weight bearing joints often require surgery to relieve pain and 
increase mobility (Pramanik et al., 2005; Batista et al., 2004). 
Rheumatoid arthritis involves inflammation in the lining of the joints and produces 
chemical changes in the synovium, which is the reason that it thickens and becomes 
inflamed. Subsequently, the synovial fluid damages cartilage. Rheumatoid arthritis, a 
chronic joint disease, typically affects many different joints and as a consequance, is 
a major problem. A characteristic feature of rheumatoid arthritis is the abundance of 
inflammatory cells in the damaged joint (Lories et al., 2005; Pramanik et al., 2005).  
Arthritis commonly affects the joints leading to pain, distortion and a decreasing 
quality of life for the patient. These problems affect millions of people worldwide. 
Total joint arthroplasty is a solution that is used for the treatment of the osteoarthritis 
and rheumatoid conditions for developing function while reducing pain. Arthroplasty 
is a surgical technique which replaces all articulating degenerated natural surfaces 
with artificial materials (metal, plastic or ceramic), thus achieving relief of pain and 
improved joint mobility by using a new prosthetic joint (Batista et al., 2004). 
 
Figure 3. 4 Osteoarthritis of joints (Knee and hip) (http://zimmer.com.au/ctl). 
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3.1 Development of Joint Arthroplasty 
Arthroplasty is a surgical technique which replaces all articulating degenerated 
natural surfaces using artificial materials and is designed to perform specific 
biological functions. Total joint arthroplasty is one of the greatest surgical 
achievements invented by orthopaedic surgeons in the      century, with 
improvements to the procedures and new implants being made almost continuously 
ever since (Achten et al., 2010; Batista et al., 2004). Total joint prostheses (TJA) are 
now being considered for many joints in the human body. Nevertheless, total hip 
(THR) and total knee replacement (TKR) have been the main focus of artificial joint 
studies (Batista et al., 2004). THR and TKR are some of the most commonly 
performed surgical procedures in the world and there are a large number of diverse 
designs of hip and knee replacements which have been developed and introduced to 
the market. A total hip replacement (THR) consists of the acetabular cup, the femoral 
head and femoral stem as shown in Figure 3.5. Presently, more than 800,000 hip 
joints are implanted every year in Europe and approximately 50,000 primary 
operations are performed in the UK, whilst more than 120,000 are carried out in the 
US (Jhurani et al., 2009; Tsaousi et al., 2010).  
 
Figure 3. 5  Hip and knee replacement components (Blunt et al., 2009). 
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The success of total hip replacement partly depends on the materials that have been 
mentioned previously in chapter two. Many different combinations of these materials 
have been explored as candidate bearing surfaces for total hip arthroplasty: polymer-
on-metal as soft-on-hard bearing surfaces; metal-on-metal; and ceramic-on-ceramic 
as hard-on-hard bearing surfaces. The most broadly used soft-on-hard bearing 
surface in total hip replacement is the combination of an UHMWPE acetabular 
component and a metal femoral component made from cobalt–chromium alloy or 
stainless steel. Both components are cemented to bone with polymethyl methacrylate 
(PMMA, bone cement). On the basis of this model, Gunston developed a similar 
cemented total knee replacement in 1971. Consequent improvements in joint 
biomechanics and biomaterials allowed the improvement of a sequence of new 
prostheses which better reproduced real articular function (Franceschini et al., 2004). 
3.1.1 Metal-on- Polyethylene Prostheses 
 The combination of metal-on- polyethylene hip joint was successfully performed in 
the UK in early 1960 and introduced by Professor Sir John Charnley. The first 
polymer selected was polytetrafluorethylene (PTFE) commonly known as Teflon®, 
for articulation with an extremely low coefficient of friction as exhibited by PTFE. 
However, the high incidence of rapid wear of PTFE lead to osteolysis and loosening. 
Charnley abandoned PTFE and introduced an ultra-high molecular weight 
polyethylene (UHMWPE) as the acetabular cup to reduce the risk of wear. This 
material has proved to be extremely successful, giving low friction and less wear, 
which is more readily tolerated by the body. Nevertheless, in recent years, it has been 
recognized that  in vivo wear rate of conventional UHMWPE for some total hip 
replacement THR patients can be a limiting factor in the service life of total hip 
implants and ultimately lead to the need for long-term revision (Sinha, 2002; Kurtz, 
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2009). Most clinical results have revealed that aseptic loosening is the primary cause 
of the failure of total hip replacements. The life time of this combination is about 15 
to 20 years, thus, younger patients may need further surgery throughout their lives 
(Morillo et al., 2010). 
Aseptic loosening has been strongly linked to the widely-used, soft-on-hard  
(polyethylene-on-metal) hip joint prostheses in the past to create particulate wear 
debris induced osteolysis, which results in the gradual loss of the bone tissue 
surrounding the implant, leading to the loosening of the implant (Wang et al., 2009; 
Tsaousi et al., 2010; Kurtz, 2009). The need to reduce the incidence of osteolysis and 
extend the implant's lifespan, led to the development of a new generation of hard-on-
hard implants, such as metal-on-metal and ceramic-on-ceramic bearing surfaces 
which produce lower wear rates than soft-on-hard joints, because of their hardness 
and better surface finish. Generally, the hard bearing couple gives improved wear 
and friction properties and minimizes the release of wear particles (Wang et al., 
2009).  
3.1.2 Metal Bearings  
Metal-on-metal bearing surfaces illustrate lower wear rate compared with 
polyethylene and without the risk of fracture associated with ceramic-on-ceramic 
bearing surfaces. Metal-on-Metal bearings can be manufactured in various sizes and 
components without decreasing implant strength and risking fracture. Metal-on-metal 
hip joint replacements have been used for decades. The first generation of metal-on-
metal hip replacement was fabricated from cast cobalt chromium molybdenum 
(CoCrMo) alloy between 1950s and 1970s by British surgeons McKee, Watson-
Farrar and Ring. The first metal-on-metal prosthesis’s were clinically introduced in 
the 1960s. The McKee-Farrar prosthesis used cement fixation, while the Ring 
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prosthesis used screw fixation as shown in Figure 3.6. These devices had exhibited 
less wear, but were abandoned for a number of years because of some early failures 
caused by loosening and the rapid growth in popularity of the Charnley low friction 
prosthesis which used 22mm stainless-steel head (see Figure 3.7). Furthermore, the 
long-term survival rates of Charnley‘s and McKee-Farrar hips are similar. Although, 
generally, metal-on-metal total hip replacements gave poorer clinical result many 
metal-on-metal inserts lasted for over two decades and some are still functioning in 
patients who received the implant when young (Kurtz, 2009; McMinn, 2009; 
Shanbhag et al., 2006; Dowson, 2006). Some early failures of McKee–Farrar 
prostheses were attributable to high frictional torque due to equatorial binding and 
high frictional torque. The early aseptic loosening of the first metal-on-metal bearing 
was due to poor design and unsuitable manufacturing leading to high frictional 
torque or excessive wear, which could have been the main cause of failure and also 
other factors such as insufficient fixation led to early device loosening including 
stress shielding (Cawley et al., 2003; Shanbhag et al., 2006; Dowson and Jin, 2006).   
 
Figure 3. 6  McKee-Farrar prosthesis employing cement fixation (left) and the Ring 
prostheses employing screw fixation (right) (Kurtz, 2009). 
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Figure 3. 7  Charnley low-friction metal-on-UHMWPE arthroplasty (Dowson, 2006). 
Consequently, there was renewed interest in metal-on-metal bearings and metal-on-
metal hip joint replacement was reintroduced in the 1980s due to the detrimental 
biological reactions to polyethylene debris observed and implicated in aseptic 
loosening of metal-on-polyethylene components particularly in long-term. This 
second generation metal articulation improved alloy microstructure, surface finish, 
design and manufacturing tolerances that had previously contributed to the early 
failures of the McKee-Farrar hip prostheses. The second generation metal-on-metal 
bearing surface has increasingly become the preferred choice for younger and more 
active patients due to its superior wear resistance as well as the low frictional torque. 
Recent studies of developments of metal-on-metal bearings show that friction torque 
is less than three times than that of metal-on-polyethylene bearings (Naudie et al., 
2004; Wimmer et al., 2001). This was an attractive outcome, because high friction 
was one of the reasons that the metal-on-metal prostheses lost their appeal by the end 
of the 1960s (Wimmer et al., 2001). 
Since 1988, metal-on-metal articulation from cobalt-chromium-molybdenum alloy 
was reintroduced into hip arthroplasty as an alternative to metal-on-polyethylene or 
ceramic-on-polyethylene components. This prosthesis was designed to permit 
specifically manufactured articulation so as to produce the optimum diametral 
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clearance, tolerances in roundness and surface roughness necessary for optimal wear. 
Further, it was chosen because of its optimal carbon content for hardening the 
material bearing in order to increase its wear resistance and also improve the 
lubrication between the bearing surfaces. Head diameter and diametral clearance 
have been found to be the key factors for minimizing the friction torque, thus 
reducing the wear (Meng et al., 2010). Cobalt–chromium–molybdenum (Co–Cr–Mo) 
alloy is widely used in second generation prostheses as metal-bearing materials in 
artificial joints such as prosthetic hip and knee, due to their mechanical properties, 
castability, corrosion resistance, and wear resistance, whereas stainless steel and 
titanium alloys have a disadvantage with regard to lower corrosion resistance and 
wear resistance (detailed in section 2.2.1 in chapter two) (Saito et al., 2006). 
Several designs of hip joint replacement have shown excellent results in older 
patients. However, the failure of total hip replacement is greater in younger and more 
active patients. There is approximately a 50% failure rate at 25 years for traditional 
implants. Apparently, the requirements for low wear and low friction with metal-on-
metal bearings are to increase lifespan, improve quality of life, and increase the 
expectations of young patients with prostheses. Furthermore, there are many designs 
that have been tried and reported in the literature. Hip resurfacing arthroplasty is a 
treatment of a diseased hip joint by removing or resurfacing the diseased surfaces of 
the femoral head and the acetabular cup, without the full resection of the femoral 
head and neck as in total hip replacement (Achten et al., 2010; Kurtz, 2009; Cawley 
et al., 2003). 
 The first resurfacing prostheses used Teflon as a bearing material, which failed due 
to osteolysis (Brockett et al., 2007). However, the second-generation resurfacings 
were reintroduced in 1990 following the work of the surgeon McMinn from the 
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United Kingdom. The Birmingham hip resurfacing (BHR) (Smith & Nephew 
Orthopaedics, Warwick, United Kingdom) is the most widely used of the current 
generation of metal-on-metal hip resurfacings (see Figure 3.8). This component was 
designed with a large head and low surface roughness allowing for an appropriate 
diametral clearance and articulation through thick-film lubrication, thereby 
potentially reducing wear and friction. Also it was made of cast cobalt chrome 
molybdenum (Co-Cr-Mo) alloy (Ollivere et al., 2009; Daniel et al., 2010).  McMinn 
and Daneil have shown hybrid fixation to be the best combination with the femoral 
component being cemented and the acetabulum component remaining uncemented 
(McMinn, 2009). 
The advantages of this form of prosthesis are ease of implantation, minimal bone 
resection which allow easier revision surgery. When larger diameter heads were used 
and lubricated, they presented lower wear rates, thus reducing probable particle build 
up and the release of toxic metal ions into the body. The femur is hence loaded more 
physiologically in comparison with total hip replacements. The use of large-sized 
bearing components in hip resurfacings is believed to increase the range of motion, 
improving joint stability, thus reducing the risk of stress shielding which causes the 
loosening of the femoral component (Ebied et al., 2003; Udofia et al., 2004). 
 
Figure 3. 8 The Birmingham metal on metal hip resurfacing (McMinn, 2009). 
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The effect of using large metal-on-metal bearing components is that they could 
potentially have a significant effect on the tribological performance at the bearing 
surfaces in terms of poor lubrication and increased friction, and hence, increased 
wear. It is also recognized that the introduction of an implant into bone will change 
the natural stresses within the bone tissue and result in bone resorption, as the 
implant takes a greater part of the load resulting decrease in the stresses in the 
regions of bone tissue surrounding the implant, which could eventually lead to 
implant failure (Udofia et al., 2004).   
With the technology currently obtainable, the metal-on-metal bearing surface 
remains basic to the design of hip joint resurfacing. Even with the biomechanical 
advantages of metal-on-metal bearings, metal ion release over time and the probable 
adverse effects of accumulated metal ions in the body remains a concern. It remains 
to be exposed whether these adverse reactions are dose-dependent and whether they 
are mediated primarily by an immune response to, or a direct toxic effect of the metal 
debris (Manley and Sutton, 2008; Langton et al., 2011). Although there is no 
conclusive evidence that this is a problem, caution is advised by some workers 
(Wang et al., 1999). However, there is still some uncertainty concerning the body’s 
response to metal particles. While there are no clear contacts between patients with 
metal-on-metal joints and cancer there are ongoing studies on the effects of metal 
ions on the body (Vassiliou et al., 2007). Metal wear debris is produced in vivo by 
mechanical wear, corrosion and a combination of the two. Metal wear debris is 
considered to be more biologically reactive when compared with ceramic or 
polyethylene debris (Langton et al., 2011). 
 Recent studies from one large-volume resurfacing surgery center described 
‘‘pseudotumors’’ forming in the hips of some female patients with metal-on-metal 
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hip resurfacing prostheses. Pseudotumour is defined as “a soft-tissue mass associated 
with the implant which is neither malignant nor infective in nature” (Vassiliou et al., 
2007). However, there is strong evidence that these elevated cobalt and chromium 
levels do not have any detrimental effects on the patients although Pandit et al. 
(2008) estimated that approximately 1% of patients who have a metal-on-metal 
resurfacing develop pseudotumours within five years. The cause is unknown and is 
probably multifactorial. There may be a toxic reaction to an excess of particulate 
metal wear debris or a hypersensitivity reaction to a normal amount of metal debris. 
We are concerned that with time the incidence of these pseudotumours may increase. 
Also Campbell et al. (2010) concluded that pseudotumor-like reactions can be caused 
by high wear, but may also occur around implants with low wear, likely because of a 
metal hypersensitivity reaction. Histologic features including synovial integrity, 
inflammatory cell infiltrates, tissue organization, and metal particles may help 
differentiate these causes. An alternative approach to improve the success of the 
bearing surfaces of hip prostheses is to improve the mechanical properties, wear 
resistance and functional longevity of the polymer. Mechanical properties of 
polymers can be improved, for example, by preparing carbon-fibre-reinforced (CFR) 
composites with altering fibre length and orientation. 
3.1.3 Ceramic Bearings 
Alternative materials for hip prostheses include ceramic bearings which have 
gradually succeeded. The most commonly employed are alumina and zirconia for hip 
prostheses because of their good properties such as low friction, high wear 
resistance, high hardness and good biocompatibility (Williams et al., 2011). Good 
biocompatibility of ceramic bearings as alternative choice to MoM bearings and for 
longevity in younger more active patients and significantly less osteolysis than 
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metal-on-conventional polyethylene have been reported (Williams et al., 2011 and  
Michael and Sutton.,2008). The use of ceramic materials, in comparison to metal-on-
metal and metal-on-polyethylene structural implants, provides less wear rate and 
produces insignificant amounts of metal ion release (De Aza et al., 2002). It was 
observed that scratch can be reduced significantly if ceramic femoral heads are used 
with acetabular cups made of polyethylene. 
 Alumina ceramic joints are bioinert materials which reduce the possibility of 
osteolysis and thus suitable for long-term implantation. Also as early as 1969, 
zirconia was being considered for use in hip arthroplasty due to its improved strength 
and superior fracture toughness (Williams et al., 2011). Some authors suggest that 
the use of zirconia may improve the mechanical strength of the ball head over 
alumina, while others state that zirconia may also reduce polyethylene wear with 
respect to alumina.  
Zirconia ceramics were introduced in orthopaedic applications as prosthetic femoral 
heads to solve the problem of alumina brittleness and the consequent potential failure 
of implants because of tissue inflammation adjacent to the bearing which, in turn, 
leads to bone loss and premature failure of the prosthetic joint by aseptic loosening 
and then repeat surgery to salvage failed THA (Bártolo et al., 2008). Zirconia has 
become a popular alternative to alumina as structural ceramic because of 
significantly higher fracture toughness and strength. Also, static and fatigue strengths 
for zirconia femoral heads have been found to satisfy clinical requirements. In 
addition, zirconia femoral head vs. polyethylene acetabular cup total hip replacement 
has decreased frictional torque with reduced level of polyethylene debris (De Aza et 
al., 2002 and Brockett et al., 2012).  Nevertheless, studies illustrate that late failure 
can occur in-vivo. Another issue concerning zirconia is its hydrothermal stability. 
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These femoral heads may also undertake slow degradation during long term 
implantation in human body (De Aza et al., 2002).  Therefore, ceramic-on-ceramic 
bearings are broadly used as femoral heads in total hip replacements (THR) as an 
alternative to metal devices and also shown very low wear rates experimentally, but 
the orthopaedic community reports significant in-vivo failures (De Aza et al., 2002) 
due to slow crack growth, leading to fracture.   
Orthopaedic implants are expected to be in contact with living tissues for a long 
period of time and their long term toxicity must be carefully estimated. In order to 
combine the advantages of alumina and zirconia ceramic materials different types of 
composites have been developed in which either zirconia is distributed in an alumina 
matrix or vice versa. Zirconia toughened alumina (ZTA) ceramic displays talented 
mechanical properties in terms of hardness, strength and fracture toughness and 
higher wear resistance that make it suitable for prosthesis and even small joints. The 
results obtained suggest that this new ZTA material does not display any long term 
carcinogenic effect and it is suitable for biomedical applications from a 
cancerogenetic point of view (De Aza et al., 2002; Maccauro et al., 2009). A 
component of the study reported here will relate to the use of large diameter ceramic 
heads on thin carbon fibre reinforced poly-ether-ether-ketone (CFR PEEK) cups. 
3.1.4 New Bearing Combinations and Designs 
Carbon fibre reinforced poly-ether-ether-ketone (CFR PEEK) and its composites are 
recognized as alternative bearing and flexible materials for use in arthroplasty 
because of their good mechanical properties, good friction characteristics, wear 
resistance, and biocompatibility (Wang et al., 1999). The composites are 
manufactured by using injection molding technique. Their suitable properties permit 
creation of much thinner liners and a rise of the femoral head diameter, thus reducing 
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the wear of joint implants. This composite utilizes a high strength poly-ether-ether-
ketone (PEEK) thermoplastic as the matrix and a high strength carbon fiber as the 
reinforcement. It can substitute for metal to form artificial bone that will result in a 
more lightweight construction with excellent corrosion resistance (Wang et al., 1999; 
Xiong et al., 2010). The advantages of carbon fibre reinforced poly- ether-ether-
ketone (CFR PEEK) composites compared to metals are specific modulus similar to 
bone which avoids interface disruption and reduces the risk of bone loss. In recent 
years, artificial joints with greater resistance to wear are under development using 
CFR PEEK composites in artificial hip joint sockets. Such products are already being 
manufactured and clinically applied; however, their long-term outcomes require 
future study (Saito et al., 2010). Carbon fibre reinforced poly-ether-ether-ketone 
(CFR-PEEK) has been reported as a more wear resistant material than UHMWPE 
and thus reduce the risk of osteolysis. Further, biological studies investigating the 
response to CFR-PEEK wear particles have demonstrated that CFR-PEEK particles 
had no cytotoxic effects on cells compared with CoCr wear particles (Brockett et al., 
2008). To consider the suitability of CFR-PEEK for use as an acetabular cup 
component, long-term wear tests were performed on pitch-based CFR-PEEK 
acetabular cups (horseshoe shape design) articulating against alumina femoral heads 
(shown in Figure 3.9) (Scholes et al., 2008; Flanagan et al., 2010), i.e. the friction 
and wear properties of the alumina-on-CFR-PEEK joint were studied with some 
success but with high frictions for pure serum approaching >0.3-0.4 friction factors. 
These acetabular cups were designed in the shape of a horseshoe. The conception of 
a flexible acetabular cup component remains attractive, and additional clinical 
experience will be required to assess the long-term performance of such devices in 
patients undergoing total hip arthroplasty for degenerative joint disease (Field et al., 
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2006). Other studies on wear tests were performed on CFR-PEEK acetabular cups 
articulating against zirconia femoral heads (Brockett et al., 2008), again with some 
promising results for high resistance against wear but rather high frictions for the 
physiological viscosities. 
 
Figure 3. 9  A horseshoe shaped CFR-PEEK acetabular cup against alumina heads      
(Scholes et al., 2008; Flanagan et al., 2010). 
3.2 Introduction to Bio-Tribology of Artificial Joints 
Tribology is derived from the Greek word “tribos” meaning rubbing or sliding. The 
Oxford dictionary defines tribology as “the science and technology of interacting 
surfaces in relative motion and with associated subjects as friction, lubrication, wear 
and the design of bearings” (Affatato et al., 2008). It is therefore very important to 
study friction, wear and lubrication of bearing surfaces for designing better in vivo 
components and thus the term bio-tribology was introduced by Dowson and Wright 
in 1973 to cover ‘‘all aspects of tribology related to biological systems’’. Therefore, 
it is very important to link engineering and biology and to apply bio-tribological 
principles in the development of long-lasting total joint replacements (Jin et al., 
2006; Dowson and Neville, 2006). 
The chronic problem of arthritis has ensured continued studies on friction, wear and 
lubrication of total joint prostheses and also significant developments have been 
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made in understanding the tribological performance of natural joints. Significant 
advances therefore have been made in joint manufacturing during last decades 
(Dowson and Neville, 2006). From friction studies, the energy consumption of the 
movement of the two counter bodies can be obtained and wear studies allows better 
understanding about the lifespan of the materials used. 
This section will focus on the biotribology of metal-on-metal artificial joints, in 
particular, reviewing studies of surface, friction, lubrication and wear. The 
biotribology of metal-on-metal bearing surfaces is reliant on several factors including 
material, design of the prosthesis and its geometry, lubrication of the surfaces, 
loading regime and the kinematics that the prosthesis is subjected to. 
3.2.1 Friction 
Friction is the resistance to movement between two objects in contact with each 
other. It takes place between surfaces which slide across each other and the 
roughness of the surfaces affect the frictional force. Friction has been studied for 
several centuries and this is mainly due to the effect it has on surfaces in contact 
(Affatato et al., 2008). Friction is of great significance to component parts which 
depend on resistance of motion to aid their function but mostly frictional forces are 
not really desirable, as they lead to surface damage and surface wear of the parts 
which are in contact with each other. Surfaces are never completely clean, materials 
are not perfectly homogeneous, velocities and relative sliding motions vary in 
complex ways, and there are exceptions to the idea that the starting friction is always 
higher than the sliding friction. The frictional force may not remain steady, even 
when the sliding velocity of the system remains constant (Blau, 2009).   
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The first study on friction began in 15th century with Leonardo Da Vinci; 
consequently, the laws of dry friction (i.e. friction without lubrication) were 
established (Jin et al., 2006). The first and second friction laws were discovered by 
the French physicist Guillaume Amontons in 1699 and the third law was discovered 
by Charles Augustin de Coulomb in 1781, both of whom described their observations 
of contacting solid surfaces as follows (Jin et al., 2006; blau, 2009):  
1-  The force of friction (F) that resists sliding at two surfaces is directly 
proportional to the applied load (w), i.e. F α w. 
 
2-  The force of friction (F) does not depend on the apparent area of contact (A). 
3-  The kinetic force of friction (F) is independent of the sliding speed (ν). 
The first law of friction was used to establish a non-dimensional ratio between the 
force of friction (F) and the applied load (w) acting on the surfaces in contact. This 
ratio is known as the coefficient of friction (equation 3.1) and it is denoted by the 
Greek symbol (μ).  
  
 
 
                      
 The coefficient of friction is a very important parameter that is used to observe the 
surface response of materials suffering deformation because of the forces acting on 
their surfaces during motion. There are two kinds friction: static friction and kinetic 
friction and it is very important to understand the distinction between them (Jin et al., 
2006). 
3.2.1.1 Static Friction 
Static friction is the force between two bodies without relative motion to each other. 
The ratio of the maximum friction force (   ) to the applied load (w) is defined as the 
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static friction coefficient (  ) (see equation 3.2). In most cases the static friction is 
higher than the kinetic friction (Jin et al., 2006). 
     
  
 
                           
3.2.1.2 Kinetic (Dynamic) Friction 
Kinetic friction is the force between two bodies with relative motion to each other. 
The ratio between these forces is the kinetic friction coefficient (  ) (see equation 
3.3). The value of the kinetic friction coefficient (  ) is smaller than that of the static 
friction coefficient (  ) (Blau, 2009). 
   
  
 
                         
Both static and kinetic coefficients of friction depend on the nature of the bearing 
surfaces, particularly in the presence of biological lubricants. The coefficient of static 
friction is usually larger than that of kinetic friction but, in some surfaces, the two 
coefficients are equal. Usually, a rough surface would be denoted as having a high 
coefficient of friction or resistance to motion while a smooth surface is characterised 
with a low coefficient of friction. The effect of multi-point contact is important for a 
series of phenomena involving friction.  
A study by Bowden and Tabor in 1950s showed that, though frictional force is 
independent of the apparent area of contact, it is proportional to the real contact area, 
that is      (Carpinteri and Paggi, 2005). The model assumes that the frictional 
force occurs from two sources: an adhesion force developed at the areas of real 
contact between the surfaces (the asperity junctions), and a deformation force needed 
to pull the asperities of the harder surface through the softer surface. The nature of 
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the surface is of crucial importance to the mechanism of friction that occurs in 
articulating bodies since friction takes place due to the interaction between surface 
asperities. It has also been established that, for bodies placed together, there is an 
interaction which occurs between the tips of the asperities, but not necessarily across 
the whole surface area, therefore the load carried by these bodies is supported by the 
deformation of these asperities and the interaction between the tips of the asperities 
results in the formation of adhesive bonds. Deformation takes place with friction and 
depends on the nature of the asperities, the load, the geometry and the hardness of the 
surfaces in contact (Carpinteri and Paggi, 2005). Consideration of friction between 
bearing surfaces has played an important role in the development of hip joint 
prostheses. Friction in artificial hip joints is dependent on a number of factors such as 
the surface finish of the femoral head and the acetabular cup, the radial clearance gap 
between the head and the cup, the nature of the lubrication that predominates and 
also the size and design of the hip joint. Hip joint prostheses today exist in a wide 
range of designs and utilize different materials such as ceramics, metals and 
polymers. 
The early design of hip joint replacements by Sir John Charnley, i.e. ‘Low Friction 
Arthroplasty’, reduced friction torque on the acetabular cement-bone interface. The 
calculation of frictional force (F) at this interface is shown in Figure 3.10 and 
equation 3.4. 
  
    
  
                  
 
Figure 3. 10  Calculation of frictional force at the acetabular cement/ bone interface 
(Gandhe and Grover, 2008). 
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Where    is the radius of the femoral head and    the outside radius of the 
acetabular cup. Charnley used materials with optimal frictional properties such as 
PTFE on PTFE and PTFE on steel with a low coefficient of friction in the range 
0.04–0.2. Nevertheless, these failed very quickly due to wear. The common early hip 
implants using a metal-on-metal articulation also failed quickly, mostly due to the 
equatorial contact and resultant high friction and frictional torque. Low friction is 
preferential between the bearings surfaces as it reduces the stresses transmitted to the 
fixation interface (Jin et al., 2006; Gandhe and Grover, 2008). 
3.2.2 Wear 
Wear is the progressive loss of material from the active surface of a body by direct 
action of relative motion on that surface. Friction is closely related to wear, however 
a high friction does not necessarily imply coarse wear (Davim and Marques, 2004). 
The need to solve or reduce wear problems is of primary importance because it leads 
to decreased function of material due to reductions in dimension, variations in 
surface finish and mechanical properties. The importance of studying wear in 
artificial joint is not related only to the decreased function and replacement cost of a 
component, but also to the adverse effects of wear particles (debris). For example, 
wear particles released from artificial joints have been shown to cause adverse tissue 
reactions, osteolysis and loosening. Similarly, wear particles can also have a 
detrimental effect on the quality of magnetic recording systems (Jin et al., 2006).  
The most basic mechanisms of wear occur at a microscopic level due to interactions 
of the asperities of the rough surfaces. When two surfaces come into contact the 
asperities on the surfaces deform both elastically and plastically. When the surfaces 
slide over each other, they have to shear the interface between the contacting 
asperities, which gives rise to adhesive wear. Additionally, the sliding process 
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produces further deformation of the asperities, which can give rise to   abrasive wear 
(Shanbhag et al., 2006).    
3.2.2.1 Abrasive Wear 
This is due to hard particles that are forced to move against and along a solid surface 
causing abrasion of sliding surfaces. A schematic diagrame of adhesive wear is 
shown in Figure 3.11. Abrasive wear can be minimised using hard, smooth bearing 
surfaces such as ceramics; also, the design is important to reduce wear. It is 
important to minimise the contact stresses in order to avoid short-term fatigue failure. 
Effective lubrication, in terms of both boundary lubrication and fluid-film 
lubrication, is the key to reducing adhesive wear (Shanbhag et al., 2006; Jin et al., 
2006). 
 
  
Figure 3. 11 Schematic diagrame of abrasive wear (Neu et al., 2008). 
3.2.2.2 Adhesive Wear 
This is generated by the transference of material from one surface to another during 
relative motion by the process of solid-phase welding as shown in Figure 3.12. When 
two surfaces articulate against each other under load, adhesive wear involves the 
shearing of the materials’ surface at the tips of the asperities. For materials in contact 
held by adhesive bonds, adhesive wear occurs when a force great enough to break the 
adhesive bond between both surfaces at the junction exceeds the amount of force 
required to break one of the surfaces (Affatato et al., 2008; McMinn, 2009). 
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Figure 3. 12  Schematic of adhesive wear (www.aludra.nl/adhesivewear.gif). 
3.2.2.3 Wear Mechanism and Measurement 
Various methods are used to measure wear in the laboratory and to study 
mechanisms of wear in hip joint prostheses. There are three laws governing the 
measurement of wear: 
1. Wear volume (V) increases when the normal load (w) increases. 
2. Wear volume (V) decreases as the hardness (H) increases  
3. Wear volume (V) increases as the sliding distance (x) increases.  
The following expression gives the volume of wear:  
  
   
 
                   
 The coefficient of wear ( 1K ) is given as: 
   
  
  
                  
There is a common unit of wear factor (K) and the unit of wear factor is  
   
  
 . The 
amount of volumetric wear (V), generated in either a mixed or a boundary lubrication 
regime can be determined from equation (3.5) (Jin et al., 2006; Neu et al., 2008). 
Presently, the understanding of laboratory wear rate is an important feature in the 
pre-clinical validation of total hip prostheses. Wear tests are conducted on materials 
with different designs used in prosthetic hip implants to obtain quality control and 
70 
 
acquire further insight into the tribological processes in joint prostheses. The purpose 
of wear assessment is to determine the wear rate and its dependence on test 
conditions (i.e. load, range of motion and lubricant). Wear rates defined as the 
thickness of the worn layer from the articulating surface per cycle for total hip 
arthroplasties have been reported to be of the order of       mm/cycle; however, 
wear rate estimates for natural cartilage have yet to be determined and descriptive 
wear patterns in articular cartilage are limited only to load bearing joint regions 
(Affatato et al., 2008). 
To obtain practical results, wear tests can be performed to reproduce in vivo working 
conditions. The degree of reliability of these tests depends on the accuracy in 
recreating the in vitro conditions for a prosthetic implant in the human body 
(Affatato et al., 2008). In the 1960s, the American Society for Lubrication Engineers 
listed more than 200 types of wear tests and equipment in use. More recently, the use 
of multi-axial wear machines (shown in Figures 3.13 and 3.14) has been 
implemented to give a better simulation of the type of motion found in vivo and was 
found to be of particular value in the study of biomaterials wear (Affatato et al., 
2008). 
 
Figure 3. 13  Wear hip joint simulators (McMinn, 2009). 
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Figure 3. 14 Hip joint simulator module of MFS designed and built at the Laboratory 
of Lubrication, Shanghai University (Hua and Zhang, 2008). 
3.2.3 Lubrication 
Lubrications between biological surfaces consist of layers that exist between these 
surfaces and are able to undergo relative movement. Lubricants are required to 
reduce excessive friction and wear. High friction coefficients usually lead to 
increased energy losses in the artificial joint and eventually to wear during which 
parts of the surfaces are removed and in which the removed debris may in turn form 
particulates, which lead to further wear as well as an adverse reaction (Ramsden et 
al., 2007). 
While the frictional force is relative to the friction factor, it is important to reduce the 
friction factor. This can be achieved by the separation of contact surfaces using 
sufficient lubrication. The performance of the lubricant on the bearing depends on a 
number of factors: viscosity of the lubricant, features of the surfaces and roughness 
of the materials. In articular cartilage, the average coefficient of friction may vary 
from 0.005 to 0.5 or even more, and shows a strong dependency on the testing 
conditions and the operating lubrication regime. A critical factor in determining the 
lubrication regime is the roughness of the material. Roughness is defined as the 
asperities of the surface with peaks and valleys (Dovžak et al., 2001). Therefore the 
main function of the lubricant is to provide an easily sheared film between surfaces 
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in close proximately which are in relative motion. There are four lubrication models 
have been developed separately for both hard-on-hard and soft-on-hard implants, 
which depend on the nature of the relative motion and the type of lubricant and 
material under investigation. These are fluid film (hydrodynamic), 
elastohydrodynamic, mixed and boundary lubrication (Mattei et al., 2011). 
3.2.3.1 Fluid Film (Hydrodynamic) Lubrication 
Hydrodynamic lubrication occurs where contact surfaces are separated by a film or 
fluid lubricant thicker than the height of the rough surface, over a mating body with 
very low friction. Figure 3.15 illustrates the fluid film lubrication regime. Optimum 
fluid-film lubrication can yield coefficients of friction as low as 0.001. In this case, 
the entire load is carried by the lubricant. This form of lubrication is of great 
importance to hip prostheses and other bearing components, since low friction and 
wear rates extend component life and improve efficiency and reliability (Dovžak et 
al., 2001). 
 
Figure 3. 15  Schematic of fluid film (hydrodynamic) lubrication regime (Neu et al., 
2008). 
 
3.2.3.2 Elastohydrodynamic lubrication (EHL) 
Elastohydrodynamic lubrication (EHL) is a form of hydrodynamic lubrication which 
occurs when pressure is generated in the lubricant by an entraining motion between 
the two joint surfaces and it is enhanced by elastic deformation in the joint surfaces 
(Scholes et al., 2006). Elastohydrodynamic lubrication is deformed appreciably 
under load and the subject has been studied mainly to account for the frictional 
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properties of roller bearings.  In this mechanical part the pressures are very high on 
the line of contact (Tanner et al., 1966) and therefore, the load at the interface is 
entirely supported by the fluid film pressure. There is low friction and low wear in 
elastohydrodynamic lubrication since there is a thin film and a non conformal 
contact.  Hamrock (1994) described two types of EHL: hard and soft. Hard EHL 
relates to materials with high elastic modulus, such as metals and ceramics. The 
elastic deformation and the pressure-viscosity effects are equally important in this 
form of lubrication. Soft EHL relates to materials of low elastic modulus and, in such 
materials, the elastic deformations are large, even with low loads (Cudworth and 
Higginson, 1976). Elastohydrodynamic lubrication (EHL) and squeeze-film action 
are the two major lubrication mechanisms in the natural joint. During the stance 
phase, EHL dominates. Squeeze-film action predominates at heel strike in the 
walking phase in this case the two surfaces move towards each other, squeezing the 
fluid out of the joint space. Both mechanisms are enhanced by elastic deformation in 
the joint surfaces (Hamrock, 1994; Scholes et al., 2006) 
3.2.3.3 Mixed lubrication  
This comprises both boundary and fluid film lubrication and is called mixed 
lubrication because it is a mixture of fluid film and boundary mechanisms where the 
load is carried partly by contact between the asperities on the joint surfaces, and 
partly by the lubricating fluid as illustrated in Figure 3.16. A typical example of this 
is friction during motion in the presence of a lubricant. It has been observed to be the 
most predominant mode of lubrication that occurs in many engineering materials and 
it also predominates most hip prostheses (Dovžak et al., 2001) 
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Figure 3. 16  Schematic of mixed lubrication regime (Neu et al., 2008). 
3.2.3.4 Boundary Lubrication 
Boundary lubrication occurs where the contact between the asperities of the bodies   
slide across each other since the lubricant film does not offer sufficient surface 
separation as shown in Figure 3.17. In this type, the load is carried by the asperities, 
although a lubricant may be present. In boundary lubrication, the coefficient of 
friction is relatively high (typically about 0.1 or higher depending of which material 
combination is used). This mode of lubrication results in high friction and wear rates 
in artificial hip joints since the minute asperities present on the surfaces of the 
femoral head and acetabular cup are exposed and rub against each other as the joint 
bears the body weight (Dovžak et al., 2001; Neu et al., 2008). 
  
Figure 3. 17  Schematic of boundary lubrication regime (Neu et al., 2008). 
It is important to understand and to determine the lubrication regimes in artificial 
joints, as such an understanding may help to optimise the bearing surfaces to 
minimise friction and wear. The lubrication analysis carried out by Jin et al. in 1997 
first highlighted the importance of both head diameter and radial clearance on the 
lubrication of metal-on-metal hip prostheses. These can be generally classified into 
two types, experimental measurements and theoretical predictions. The experimental 
methods involve friction measurements and are a useful way of comparing implants 
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of different designs, materials and conditions. The testing of friction may also be 
used as an indirect way to imply the lubrication of a bearing combination. 
3.2.3.5 Stribeck Curve 
The friction of an artificial joint can be measured using a pendulum simulator such as 
a friction simulator. This is designed to be relatively close to the normal walking 
cycle in human hip joints and consists of a dynamic vertical load and a horizontal 
flexion and extension motion (Jin et al., 2006; Hua and Zhang, 2008; Tipper et al., 
2005). A friction simulator can be used to indicate the lubrication regime under 
which the joints are operating, through Stribeck analysis. Stribeck analysis is where 
the friction factor is plotted against a modified version of the Sommerfeld number (z) 
which is calculated using the following equation (3.6): 
  
      
 
                 
Where (η) is the viscosity of the lubricant, (u) is the entraining velocity, (w) is the 
load, and (r) is the radius of the femoral head.   In the characterization of frictional 
performance of hip prostheses, it is usual to vary the Sommerfeld number (Z) by a 
change in lubricant viscosity. The friction factor can be calculated using the 
following equation (3.7): 
  
 
  
                 
Where (T) is friction torque, (r) femoral head radius and (w) load. The friction factor 
is numerically of the same order as the average kinetic coefficient of friction of the 
joint. However, it varies slightly depending on the elastic contact of the hip joint and 
the pressure distribution at various points on the head which will be different and 
thus the friction factor is used instead of the coefficient of friction (Scholes and 
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Unsworth, 2000). Plotting the graph of the friction factor against the Sommerfeld 
number can determine the mode of lubrication as schematically illustrated in Figure 
3.18; this is known as the Stribeck plot (Williams et al., 2009). The trend of the curve 
indicates the modes of lubrication.  
Figure 3.18 Stribeck curve showing the various lubrication regimes (Allmaier et al., 
2011). 
From Figure 3.18, the primary level section of friction factor in the curve indicates 
boundary lubrication and substantial contact between the surfaces of the hip 
prostheses. The decreasing trend from high friction factor in the Stribeck curve 
indicates mixed lubrication in which the load is carried partly by contact between 
asperities on the joint surfaces, and partly by the lubricating fluid. The increasing 
trend from low friction factor of the curve indicates full fluid-film lubrication in 
which the load is fully supported by the lubricant and the surface asperity contact is 
minimal. Ideally, low friction is desirable but, more importantly, the less asperity 
contact there is, the better the situation (Scholes and Unsworth, 2006; Tipper et al., 
2005; McMinn, 2009). Eventually, when the two surfaces are totally separated, 
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friction is at a minimum and now controlled by the laws of viscous fluid flow. 
Hence, this is a convenient way of observing what type of lubrication may exist 
under different conditions in artificial joints (Unsworth, 2006). 
3.3 Theoretical Analyses of the Lubrication Regime Minimum Film 
Thickness and Lambda Ration (λ) for Artificial Joints 
 
3.3.1 Numerical solution to the elastohydrodynamic lubrication (EHL) 
problem of a ball-in-socket hip implant 
 
Modern metal-on-metal hip implants usually consist of a cobalt chromium (CoCr) 
spherical femoral head articulating against a hemispherical acetabular cup of a 
slightly larger diameter (Meng et al., 2009).  A simple ball-in-socket formation was 
used to solve the elastohydrodynamic lubrication (EHL) problem between the 
femoral and the acetabular bearing surfaces as outlined in previous studies (Meng et 
al., 2009; Udofia and Jin., 2003). Diameter, diametral clearance and surface 
roughness of hip bearings have been theoretically and experimentally found to be the 
key parameters to reduce the dry contact, hydrodynamic pressures, improve 
lubrication performance, and for minimizing wear. Therefore, the application of a 
spherical bearing surface can also significantly affect the contact mechanics and 
lubrication performance by changing the radius of the curvature of a bearing surface 
and consequently improve the conformity between the head and the cup (Liu et al., 
2006). Consequently, elastohydrodynamic lubrication (EHL) has to be considered to 
obtain accurate pressure distribution and fluid film thickness for hip implants.   
Elastohydrodynamic lubrication analysis requires the simultaneous solution of both 
the Reynolds and the elasticity equation. The principal equation for the fluid flow 
between the two bearing surfaces is the Reynolds equation, which takes the 
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following form in spherical coordinates such as the present lubrication problem 
(Udofia et al., 2003; Liu et al., 2006).  
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Equation (3.8) is the suitable form of Reynolds’ equation spherical coordinates under 
only steady-state operating conditions for the situation shown in Figure 3.19. The 
steady-state rotation about the (z) axis, and   of 2 rad/s, was considered, 
representing the flexion and extension experienced in the hip joint during walking, 
the abduction/adduction is assumed to be negligible, i.e.    = 0, and the acetabular 
cup was assumed to be positioned horizontally under a vertical load (w) of 2500N. 
The lubricant, representing a pseudo-synovial fluid from the replaced joint was 
assumed to be Newtonian, isoviscous and incompressible. The corresponding 
viscosity is generally specified as 0.005 Pas. The viscosity and pressure should be 
assumed to be constant throughout film thickness, with no slip at the boundaries, and 
the flow assumed to be laminar (Dowson and Jin, 2006; Meng et al., 2010; Udofia 
and Jin, 2003). However, larger values were used in this study in order to facilitate 
the numerical solution (Udofia and Jin, 2003). 
 
 
    
Figure3.19  ball-in-socket models for lubrication analysis of hip-resurfacing 
prostheses (Udofia and Jin, 2003). 
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The film thickness equation consists of the gap between the two undeformed bearing 
surfaces and the elastic deformation (δ) due to the hydrodynamic pressure: 
                                               
Where   is the varying radius of the spherical cup (     ) and e is eccentricity. 
The integration of the hydrodynamic pressure must balance the load imposed, as 
shown in Figure 3.19, and in the following equations: 
     
                              
  
  
 
 
     
                              
  
  
 
 
                             
  
  
 
 
Under the above assumptions, the minimum film thickness formula (3.13) developed 
by Hamrock and Dowson (1978) was used to estimate the lubricant film thickness in 
metal-on-metal hip implants. 
    
 
      
    
   
 
    
  
 
    
 
     
           
Where R is the equivalent radius which depends on the femoral head diameter (d) 
and the diametral clearance between the head and the cup (   ), and can be 
calculated from the following equation (3.14): 
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and E' is the effective elastic modulus and can be calculated from the following 
equation (3.15): 
   
  
   
       
 
     
 
       
    
 
              
                                 
The main mechanical properties of the bearing material are therefore the elastic 
modulus (E) of the components (head and cup), and the Poisson’s ratios ( ). The 
entraining velocity (u) can be calculated from the angular velocity of the femoral 
head ( ), as shown in equation (3.16) (Jin et al., 1997) below: 
  
  
 
                  
 Theoretical analysis of the mode of lubrication can be made by calculating the ratio 
of the effective minimum film thickness (    ) in hip prostheses to composite 
surface roughness of the femoral head and acetabular cup (   ). This is known as the 
lambda ratio (λ) shown in equation (3.17) below: 
  
    
  
 
    
             
 
            
              
It is well established that fluid-film lubrication basically occurs in most engineering 
surfaces when the ratio between the fluid-film thickness and the combined surface 
roughness exceeds a value of 3. Therefore, if λ ≥3, then a full fluid film lubricating 
regime is predicted, i.e. the asperities of the bearing surfaces are completely 
separated by the lubricant film, whereas if λ < 1, then boundary lubrication occurs. 
Otherwise, if 1 < λ < 3, then a mixed lubrication regime is likely (Scholes and 
Unsworth, 2000; Tipper et al., 2005; Scholes and Unsworth, 2006). 
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Lubrication regimens for any artificial hip joint can be analysed readily using the 
above procedure. Predictions for typical hip implants with metal-on-metal and 
ceramic-on-ceramic bearings or soft bearing surfaces against a hard bearing surface 
such as ultra-high molecular weight polyethylene (UHMWPE) have therefore been 
carried out using the above equations. The most important factor influencing the 
predicted lubricating film thickness has been found to be the diametral clearance 
between the head and the cup. Full fluid film lubrication may be achieved in these 
hard-on-hard bearings provided that the surface finish of the bearing surface and the 
diametral clearance are chosen correctly at optimum level (Jin et al., 1997).   
Scholes et al. (2000) calculated the fluid-film thicknesses for various combinations 
of materials and hip diameters using the Hamrock and Dowson formula (equation 
3.9). Tables 3.1 and 3.2 give these values together with the roughnesses of the two 
articulating surfaces and the lambda ratio (λ) for actual joints tested in the Durham 
hip friction simulator. The 28 mm diameter joints with the exception of ceramic-on-
ceramic gave λ<1 indicating mixed lubrication ought to be the prevailing lubrication 
mode. The ceramic-on-ceramic joint (alumina-on-alumina, 28mm diameter) 
predicted full-fluid-film lubrication with a λ-ratio in excess of 3. The large diameter 
metal-on-metal (CoCrMo) BHR joint resurfacing devices (50 mm diameter) also 
tended towards fluid-film lubrication with calculated λ-ratio of 3 or more. 
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Table 3. 1  Calculated minimum film thicknesses (Scholes et al., 2000). 
Femoral 
Component 
Acetabular 
Component 
Radial 
Clearance 
(mm) 
Minimum Film 
Thichness(µm) 
CoCrMo CoCrMo 0.04 0.05 
CoCrMo UHMWPE 0.2 0.09 
Titanium UHMWPE 0.2 0.09 
Alumina UHMWPE 0.2 0.09 
Alumina Alumina 0.03 0.06 
BHRCoCrMo BHRCoCrMo 0.095 0.11 
BHRCoCrMo BHRCoCrMo 0.03 0.26 
 
Table 3. 2  Lambda ratios for actual joints (Scholes et al., 2000). 
Femoral 
Component 
Acetabular 
Component 
Femoral 
roughness (  ) 
(µm) 
Acetabular 
Roughness(  ) 
(µm) 
(λ) 
CoCrMo CoCrMo 0.008 0.08 <1 
CoCrMo UHMWPE 0.04 1.29 <1 
Titanium UHMWPE 0.02 1.27 <1 
Alumina UHMWPE 0.03 1.08 <1 
Alumina Alumina 0.005 0.01 >3 
BHRCoCrMo BHRCoCrMo 0.003 0.021 =3 
BHRCoCrMo BHRCoCrMo 0.028 0.02 >3 
 
The importance of design parameters, such as the femoral head diameter (d) and the 
diametral clearance      can be further discovered for metal-on-metal bearings. It is 
clear from equation (3.9) that in order to promote fluid-film lubrication, it is 
necessary to increase the femoral head diameter and to reduce the diametral 
clearance so that the equivalent radius (R) is increased. The increase in the femoral 
head diameter also increases the entraining velocity (Unsworth, 2006; Jin et al., 
2006). The importance of a large diameter is obvious in the metal-on-metal hip 
resurfacing prosthesis, as Scholes et al. (2000) Showed when using equation (3.9) to 
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estimate lubricant film thicknesses between a 28mm metal-on-metal (CoCrMo)  total 
hip implant and a 50mm metal-on-metal (CoCrMo) BHR joint (see Table 3.2). 
3.4 Design and Geometry of Hip Joint Prostheses 
Understanding the complex tribological mechanisms in terms of friction, wear and 
lubrication in artificial hip joints is important for optimising the bearing design in 
terms of clearance and head diameter to minimise wear and friction (Jin et al., 2006). 
The design of artificial joints aims to mimic the natural synovial joint, which is a 
bearing lined with a layer of low modulus material operating with a film of lubricant 
completely separating the two articulating surfaces (Scholes et al., 2006). The 
designed implant must satisfy many criteria for both the patient after the surgery and 
the physicians who will implant this joint in the patient’s body. The design of the 
femoral head is very critical since it should offer a full range of motion with constant 
variation of the rotation center for the patient in order not to limit her movements and 
daily activity. The design should also take into consideration the biocompatibility of 
the material used and reduce the wear debris released in order to reduce the risk of 
osteolysis and at the same time, inhibit the infection that could be caused by the 
released wear debris (Scholes et al., 2006). 
The larger the diameter and the larger the gap between the components, the better is 
lubrication. The range of diametral clearance for the entire family of various joint 
diameters is from 90 to 200 microns, each bearing size having an optimized gap for 
maximum fluid film thickness.  The diametral clearance is known as the diameter of 
the acetabular cup minus the diameter of the femoral head (see Figure 3.20). The 
diametral clearances between articulation components plays a major role in the 
generation of wear debris. This is probably the most influential factor in wear 
behaviour. Proper clearance is essential for entrapping the synovial or other body 
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fluids between the articulating surfaces. This fluid is largely responsible for 
separating the surfaces while the joint is in motion and, thus, reducing wear (Liu et 
al., 2006; Tipper et al., 2005). 
 
Figure 3. 20  The effect of radial clearance on bedding in and steady-state wear 
(Tipper et al., 2005). 
The success of artificial hip replacements began in the 1960s by Charnley’s low-
frictional-torque, small diameter metallic head articulating against a polyethylene 
(22–28mm). This combination remains the most popular, however, there are strong 
indications that polyethylene particles can lead to inflammation and bone resorption 
(Williams et al., 2009). An increased need for prostheses in younger patients has 
resulted in a surge of interest in hard-on-hard bearings, which have appeared as a 
promising substitute bearing combination. The first-generation metal total hip 
replacements were implanted in the 1960s initially by McKee-Farrar with low wear, 
however, they were found to produce high frictional torque due to the lack of 
knowledge of tribological factors such as joint clearance (Williams et al., 2009;  
Bishop et al., 2008). Metal-on-metal hip prostheses have historically been made with 
very close tolerances between the femoral head and the acetabular cup. Minimization 
of diametral clearance at the articulating surface is desirable from the perspective of 
enhancing lubrication during gait. The thickness of the lubricating fluid film in a 
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metal-on-metal bearing is predicted to increase as the clearance between the head 
and the socket (cup) decreases. This concept has been utilized only for the metal-on-
metal bearings for standard 28 and 32mm diameters THRs (see Figure 3.21). Over 
the medium term and for metal-on-metal resurfacing procedures, the use of larger 
metal head sizes in conventional total hip arthroplasty (THA) has not yet been 
extensively reported (Mertl et al., 2009; Sinha, 2002). 
 
Figure 3. 21   Femoral implants with different head sizes (22, 25, 28, 29, 30, 32 mm 
heads) (Gandhe and Grover, 2008). 
Kothari et al., (2002) have estimated that the metal surfaces for the McKee-Farrar 
design could be separated by fluid-film lubrication during the stance phase of gait if 
the radial clearance were less than 40µm (Sinha, 2002). Semlitsch et al. (1989) 
performed a recovery study on 42 mm head metal-on-metal articulations and 
discovered that the lowest wear rate happened when the clearance was in the range 
0.06-0.1 mm. This variation produced the lowest contact stress. Therefore it is useful 
to create a controlled clearance to generate a polar contact as opposed to equatorial 
contact as illustrated in Figure 3.22 (Gandhe and Grover, 2008).  
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Figure 3. 22  Effects of clearance on wear and lubrication (Gandhe and Grover, 
2008). 
The perfect clearance differs for different diameter heads, however, an understanding 
of the ideal clearance and large diameter heads to achieve these tolerances can lead 
to very low wear rates. Modern metal-on-metal articulations have linear wear rates 
40 times less and volumetric wear rates 200 times lower than metal-on-polyethylene 
articulations. With wear rate actually decreasing, as well as joint stability increasing 
with head size, it is clearly advantageous to make metal-on-metal head sizes as large 
as possible (Gandhe and Grover, 2008).  However, an increase in diameter will result 
in an increase in sliding distance and thus an increase in volumetric wear. The reason 
lies in the kind of lubrication observed in this articulation. Dawson et al. (2004) 
illustrated that fluid-film lubrication between the metal surfaces and this thin film of 
lubricant is used to separate the asperities of the bearing surfaces and consequently 
reduce the coefficient of friction. The reality is possibly that the articulation 
experiences mixed lubrication regime. The hip joint of 22.225mm diameter exhibited 
no surface separation in lubrication. This showed that wear would be relative to the 
sliding distance therefore the joint operated in boundary lubrication regime. A 
diameter of 28mm displayed a limited surface separation when the joint operated in 
mixed lubrication regime and a 36mm diameter joint exhibited surface separation 
that showed joints in fluid film lubrication (Gandhe and Grover, 2008; Dowson et al., 
2004; Rieker et al., 2004) 
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The development of manufacturing methods and correct clearances resulted in better-
designed implants during the 1990s, such as the Birmingham Hip Resurfacing 
prostheses which has had excellent medium-term success in young patients over a 10 
year period. Reports have suggested BHR devices inherent stability and the 
probability that it will perform well over time. Larger BHR diameter (~40mm and 
50mm) joints have been investigated because of advantages such as increased range 
of motion and decreased incidence of dislocation. Head diameter is becoming 
increasingly significant as metal-on-metal resurfacing prostheses gain popularity 
with surgeons and younger patients. Resurfacing prostheses cover the femoral head 
and therefore have large diameter femoral components, the average being in the 
region of 54 mm (Liu et al., 2006; Tipper et al., 2005; Williams et al., 2009). Smith 
et al. (2001) considered the effect of increasing head diameter on the wear of metal-
metal hip prostheses. These authors tested, 22.225 and 28mm diameter CoCrMo 
alloy femoral heads against CoCrMo alloy acetabular cups in a hip-joint simulator 
and found that with increasing head diameter, volumetric wear rate increased 
initially, but then decreased considerably.  
Dowson et al. (2004) also examined the effect of increasing head diameter on the 
wear of metal-on-metal bearings, testing 36mm conventional hip prostheses, and 
54mm diameter resurfacing prostheses in a hip-joint simulator. Stable run-in surfaces 
were established quickly as the head diameter increased from 28 to 36mm and then 
to 54mm. In agreement with earlier studies, when head diameter increased wear 
volume decreased markedly. Dowson et al. (2004) also considered the effect of 
diametral clearance and reported that there is a direct relationship between clearance 
and lubrication. Clearance of metal-on-metal bearings has a direct effect on wear and 
friction as reported by Dowson et al. (2004) that for both a 36mm and 54mm 
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bearings as diametral clearance increased, bedding in wear of the metal-on-metal 
components increased significantly but running in wear was decreased after bedding 
in wear. For the resurfacing components, those couples with smaller diametral 
clearances (83–129 µm); with a head diameter of 54mm, exhibited running in wear 
rates   lower   than those components with larger clearances (254–307 µm); with a 
head diameter of 54 mm. Farrar et al. (1997) where the first to illustrate decreasing 
wear rates with decreasing clearance down to approximately 80µm with 28mm 
metal-on-metal hip prostheses.  The ability to use large diameter heads has provided 
an opportunity to expand the indications for total hip arthroplasty to include trauma 
and younger patients. Tribological design studies confirmed the dominant effect of 
head diameter in creating the highest equivalent smooth surface film thicknesses and 
hence minimum friction and wear in the mixed-lubrication regime (Hardaker et al., 
2006). McMinn (2003) has pointed to laboratory research showing differing results 
from the same type of joint when tested in different simulators, hence, direct 
comparisons can be deceptive. It was suggested that the running-in wear is dependent 
on the joint clearance. 
3.5 Effect of Head Diameter on Range of Motion (ROM)   
A large diameter articulation offers increased stability due to the increased 
displacement distance and a greater technical range of motion. An insufficient range 
of motion can lead to impingement of the prosthetic neck on the acetabular cup as 
illustrated in Figure 3.23. The required range of motion (ROM) for Total hip 
replacement is determined during implantation and depends on position and design. 
Extreme joint motion can lead to impingement of the femoral neck on the acetabular 
cup (Figure 3.23). If impingement occurs, the centre of rotation moves from the head 
centre to the rim of the cup. The theory is that head sizes >32 mm in diameter would 
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improve range of motion and stability, and decrease both impingement and the risk 
of dislocation without the consequential increased wear, i.e. increasing the diameter 
of femoral head leads to decreased contact stresses at the liner and may potentially 
cause less damage to the liner (Mertla et al., 2010; Kluess et al., 2007). Nonetheless, 
Wang et al. (2008) discovered that larger femoral heads reason higher amounts of 
polyethylene wear than do smaller heads, when coupled with conventional UHMW-
PE liners. However, the low wear rate of the recently developed, cross linked 
polyethylene liners in combination with larger heads is promising. In low wear 
bearing components for example metal-on-metal and ceramic-on-ceramic, the use of 
larger heads is also favoured due to lower contact pressures resulting in reduced risk 
of mechanical failure, e.g. fracture of the ceramic heads. 
 
Figure 3. 23  Illustration of dislocation mode, external leg rotation in combination 
with 10° extension and 15° adduction (Kluesset al., 2007). 
Mulholland et al. (2001) and Pedersen et al. (2005) emphasized the need to get hip 
flexion greater than 120° for normal practice of daily activities. Yoshimine and 
Ginbayashi (2002) also determined that the maximal range of motion depended on 
the cup inclination and particularly at the end of the range of motion. They 
recommended an angle θ> 135° to avoid any impingement, whereas most of today’s 
implants have an angle θ between 100° and 130°. The increase in head diameter 
rationally increases the joint alternation angle; a 38mm and 44mm DuromTM cup 
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allows flexion greater than 140°, whereas the minimal value recommended by the 
European norm EN ISO 12563 is 80° (Mertla et al., 2010; Burroughs et al., 2005; 
Kluess et al., 2007).  
3.6 Dynamic Loading Applied in Motion to the Human Body 
The complex service conditions and loads encountered on devices implanted in the 
body are generally quite high. Human motion and related internal forces that cause 
this motion are actually the key producers of human-induced dynamic forces on 
structures used and dynamically excited by people performing activities such as 
walking, running, jumping, etc. Normal human walking can be defined as a gait that 
humans use at low speeds. The normal cycle of human gait consists of two phases: 
stance and swing phase. The stance phase, also called the contact phase, is when the 
foot is on the floor (it starts with heel-strike and ends with toe off), constituting 
approximately 60% of the gait cycle. The swing phase starts from toe-off and to the 
heel-strike, constituting approximately the remaining 40% of the gait cycle. The time 
denotes a period when both feet are in contact with the ground, hence right foot 
initial contact occurs while the left foot is still on the ground, and vice versa as 
shown in Figure 3.24 (Racic et al., 2009).  
 
Figure3. 24  Gait cycle (Racic et al., 2009). 
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The load varies with the position in the walking cycle and reaches a peak of about 
four times the bodyweight at the hip and three times the weight at the knee (Mudali 
et al., 2003; Racic et al., 2009). It was reported that variation of hip joint forces are 
several times higher than the body weight during walking with a sliding velocity in 
which peak hip joint force reaches 3 times bodyweight  as shown in Figure 3.25 (Neu 
et al., 2008; Dumbleton, 1981).   
 
Figure 3. 25 Hip joint forces and angular velocities at different parts of walking cycle 
(Dumbleton, 1981). 
3.7 Natural Hip Joint Lubrication  
The tribology of artificial hip prostheses is a subject of universal investigation.  Total 
hip joint prostheses have a limited lifetime, but the introduction of components that 
exhibit good lubricating properties with low friction and low wear, could extend the 
lifespan of total hip joint prostheses. The majority of artificial joints acting under 
load are supported by the synovial fluid in the interface (Jhurani and Higgs, 2009). 
Conventional total hip joint replacements operate within the mixed lubrication 
regime and contact between the joint surfaces results in wear debris. This is 
associated with joint failure mechanisms such as wear particle induced osteolysis. 
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Lubrication theory predicts that, as an articulating joint moves from mixed 
lubrication to fluid-film lubrication, contact of the surface asperities reduces, leading 
to a reduction in friction and wear of the joints and an increase in longevity. The 
design of artificial joints should mimic the natural synovial joints which require an 
understanding of the tribology of natural synovial joint during gait motion (Scholes 
et al., 2006).  
Natural human joints are covered with soft layers of articular cartilage and lubricated 
with synovial fluid. These soft layers deform on contact, providing large contact 
areas, low contact stresses and with very low friction and long durability under 
various daily activities. These joints are expected to function in the human body for a 
lifetime while transmitting large dynamic loads and yet accommodating a wide range 
of movements. The load experienced in hip joints during normal steady walking can 
reach up to three times bodyweight (Yew et al., 2004; Jin et al., 2006). 
As pointed out by these authors the natural synovial joints are not only operating 
under fluid film lubrication but also under other various lubrication modes equivalent 
to the demands of the operating conditions. When we are standing still or moving 
slowly, these fluid films deplete and can break down, thus boundary lubrications 
within the synovial fluid and the porosity of articular cartilage act to protect the 
articulating surfaces from damage. During walking, the mixed (elastohydrodynamic) 
lubrication mechanism, which is enhanced by the elastic deformation of compliant 
articular surfaces and viscous effect of synovial fluid, is likely to play the main role 
in preserving low friction and low wear (Stewart et al., 1997; Murakami et al., 1998).  
The mechanism of natural hip joint lubrication has been an issue of debate for many 
years. It is known that hip joints exhibit excellent lubricating properties and they 
often exhibit low friction and wear for an entire lifetime. Nowadays, the most 
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common theory of natural hip-joint lubrication involves a combination of lubrication 
mechanisms, each one being more predominant than the others according to normal 
load and sliding velocity conditions (Murakami et al., 1998). These results should be 
applied to the development of advanced joint prostheses. Figure 3.26 shows a 
diagram of fluid film lubrication during walking. It is likely that full fluid film and 
mixed lubrication conditions can be encountered during almost unloaded swing 
phase when the foot is not touching the ground and the load is low with high sliding 
velocity. It is thought that fluid-film lubrication mode dominates when the film 
thickness is greater than the average surface roughness. However, boundary 
lubrication conditions dominate during the stance phase between heel strike and toe 
off when the load is high and the sliding velocity is low, and the film thickness is 
significantly less than the average surface roughness (Neu et al., 2009). 
 
Figure 3. 26  Hydrodynamic lubrication regime of the joint during walking (Neu et 
al., 2009). 
3.8 Biotribology of Hip Joint Prostheses 
It is therefore clear that the bio-tribological long-term behaviour of total hip 
prostheses needs to be studied carefully. For the in vitro study of hip prostheses, the 
hip joint simulators have been widely used as a means of implant testing. They are 
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machines for which the conditions prevailing the hip joint in vivo in relation to 
motion, load and lubrication can be reproduced in the laboratory with reasonable 
accuracy. Therefore, a high quality simulator is needed to give more reliable results 
(Hua et al., 2008). 
The problems of friction and wear in artificial prostheses for the replacement of hip 
joints have been addressed by several authors owing to their critical role in the 
performance of these prostheses. Another problem which has been addressed by 
many researchers is the choice of an adequate lubricant to mimic the in vivo 
conditions experienced by the prosthetic joint materials. Here, the aim of the 
researchers has been to find a lubricant closely approximating the synovial fluid to 
perform the friction and wear tests on the prosthetic materials. At present, ASTM 
recommends calf or bovine serum in full concentration or diluted with distilled water 
as the best substitute for synovial fluid. In vitro simulator testing of joint prostheses 
has always been treated as isoviscous, incompressible Newtonian fluids because the 
viscosity of these lubricants is almost constant at high shear rates. Nevertheless, all 
these biological lubricants normally exhibit non-Newtonian characteristics of shear 
thinning, particularly under relatively low shear rates, and exhibit a second 
Newtonian level at high shear rates (Wang et al., 2008; Gispert et al., 2006). Indeed, 
the protein concentration of various commercially available serum products across a 
wide range (40–80 mg/mL) has a dramatic effect on friction and wear of the 
tribological pairs used in prosthetic joints (Gispert et al., 2006). 
Due to the influence of clearance on tribological behaviour of large metal-on-metal 
hip resurfacing, there are already various studies on this subject. In-vitro wear studies 
have shown reduced bedding-in wear with reducing clearance and may improve 
lubrication conditions (Chan et al., 1999). Theoretical analysis, using the Hamrock 
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and Dowson equation (1978), suggests that a reduction in clearance would enhance 
the lubrication of the bearing, and hence reduce friction (Brockett et al., 2006). 
Theoretical lubrication studies have proposed that metal on metal bearings operate 
toward fluid film lubrication end of the mixed lubricating regime, where the bearing 
surfaces are mostly separated by the lubricant, leading to a reduction in friction and 
wear of the joints and an increase in longevity (Jin, 2002 and Scholes et al., 2006). In 
fact experimental and theoretical results complete each other in the attempt of 
increasing longevity of hip implants promoting fluid-film lubrication and minimizing 
wear and friction (Mattei et al., 2010). Lubrication theory would suggest that a 
difference in clearance should have an effect on the lubrication (and therefore wear 
and friction) in the bearing joint (Scholes et al., 2001). Brockett et al. (2008) 
illustrated that an increase in clearance would result in depleted film thickness. It 
may be concluded that an increase in clearance may result in a reduction of film 
thickness, increasing asperity contact and therefore increasing friction. However, in 
clinical experiences, this has not been proved that larger clearances can cause a 
reduction in the life of metal-on-metal hip prostheses. Indeed, it is believe that small 
clearances may raise the risk of equatorial or near equatorial contact increasing the 
frictional torque (Hu et al., 2005). 
Scholes and Unsworth (2006) tested hip joints of diverse material components (see 
Table 3.3) in a friction simulator to determine their friction and lubrication properties 
in which they used both Carboxymethyl cellulose (CMC) fluids and bovine serum 
(with add CMC) as the lubricants. They found that, in most cases, the lubricant had a 
significant effect on friction developed between the joint surfaces. This is thought to 
be because of the proteins present within the bovine serum adsorbing to the bearing 
surfaces, protecting the surfaces from solid-to-solid contact. This would be 
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favourable in terms of wear, but can either increase or decrease the friction between 
the contacting surfaces.  
           Table3. 3  Material combinations (Scholes and Unsworth, 2006). 
  
 
 
 
Brockett et al. (2007) tested two metal-on-metal combinations with different head 
diameters; conventional 28mm diameter total hip replacement, and a 55mm diameter 
surface replacement of metal-on-metal, using a pendulum friction simulator (DePuy 
International Limited-Leeds, UK). Their studies were performed under different 
swing-phases. The larger (55mm) diameter bearing displayed lower friction factor 
under all test conditions, although the measured frictional torque was higher. 
Increased serum concentration resulted in reduction in friction factor for both 
bearings and a variation of the friction factor with the head diameter (Brockett et al., 
2007). Also Brockett et al. (2006) found that increasing swing phase load caused an 
increase in friction factor in all tests. Increased serum concentration resulted in 
increased friction factor in 28mm metal-on-UHWMPE and 28mm ceramic-on-
ceramic material combinations, except for 28mm metal-on-metal where it produced a 
significant reduction in friction factor. Experimental data for both friction and wear 
hip simulator studies have indicated that a substantial film of fluid exists, for a small 
clearance to reduce both friction and bedding- in wear in the early postoperative 
period (Hu et al., 2011). 
Scholes and Unsworth (2002) measured friction of three joint prostheses of different 
materials of the same 28 mm diameter but different diametral clearance as shown in 
Prosthesis Femoral 
Component 
Acetabular 
Component 
Joint 
diameter 
Hip CoCrMo UHMWPE 28 
Hip CoCrMo CoCrMo 28 
Hip Alumina Alumina 28 
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Table 3.4. They used different lubricants, Carboxymethyl cellulose (CMC) fluids, 
silicone fluids, synovial fluid and different concentrations of bovine serum and they 
carried out the experiment on the Durham hip function simulator. They compared the 
experimental result with theoretical predictions of film thicknesses and lubrication 
modes. They found mixed lubrication occurred in the metal-on-metal 
(CoCrMo/CoCrMo) joints with all lubricants at a viscosity within the physiological 
range. This was also the case for the CoCrMo-on-UHMWPET joints. However, in 
the ceramic-on-ceramic (     -on-     ) case joints exhibited full fluid film 
lubrication with the synthetic lubricants (CMC fluids, silicone fluids) but mixed 
lubrication with the biological lubricants (synovial fluid). The biological fluid 
affected the friction to varying degrees when compared with the synthetic lubricants. 
In the case of the ceramic-on-ceramic joints it acted to increase the friction factor 
tenfold; however, for the metal-on-metal joints, biological fluids gave slightly lower 
friction than the synthetic lubricants. Therefore, when measuring friction and wear of 
artificial joints a standard lubricant should be used (Scholes and Unsworth, 2002). 
Table 3. 4  Material combinations (Scholes and Unsworth, 2002). 
Femoral 
Component 
Acetabular 
Component 
Diameteral 
Clearance 
(mm) 
Number of 
joints tested 
Number of 
runs per joint 
CoCrMo CoCrMo 0.04 3 3 
Alumina Alumina 0.03 5 2 
CoCrMo UHMWPE 0.2 3 3 
 
Smith et al. (2001) illustrated this in their study on the effect of head diameter on 
lubrication, where head diameters of 16mm and 22.225mm were demonstrated to 
have contact between the bearing surfaces at all times during simulator tests, and 
thus a boundary lubrication regime was found to be prevailing. Otherwise, a mixed 
lubrication regime involving significant asperity contact may have prevailed. When 
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the head diameter increased to 28mm a mixed lubrication regime was found to be 
prevalent and since only restricted asperity contact took place occasional fluid-film 
lubrication also occurred. 
Dowson et al. (2004) and Rieker et al. (2005) found that the large femoral heads 
promoted fluid film lubrication regime in recently introduced metal-on-metal hip 
resurfacing prostheses, when they examined small clearances between the femoral 
head and the acetabular cup of the larger femoral head diameter. 
 Brockett et al. (2008) tested three different clearance bearings, using a hip friction 
simulator to investigate the influence of clearance on friction and lubrication and it 
was found that increasing the bearing clearance resulted in reduced lubricant film 
thickness and increased friction. Goldsmith et al. (2000) found that the heads and 
cups in metal-on-metal joints wore by almost equal amounts and that the opposing 
surfaces touched to similar surface roughnesses as the testing time increased. Steady 
state wear rates were generally achieved after          cycles. This indicated that 
long-term wear rates for the metal-on-metal prostheses were very low, being 0.36 
mm³/    cycles and 0.45 mm³/    cycles for the new implants of 36 mm diameter 
and established implants of 28 mm diameter, respectively. These wear rates compare 
with 6.3 mm³/    cycles for zirconia-on-UHMWPET tested on the same simulator 
and representative of clinical values for metal-on-polyethylene is at 36mm³/year for 
heads of 22 mm diameter and a reported range of 60–180 mm³/year for 28 mm 
heads. These values do not translate directly into numbers of particles, since the 
metallic debris from metal-on-metal joints is very fine. The number of metallic 
particles may exceed the number of polyethylene wear particles from an otherwise 
similar metal-on-polyethylene joint by a factor of 10³ (Goldsmith et al., 2000).  
McMinn (2009) showed that there were no statistically significant differences 
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between the wear rates generated by the 38mm and 50mm BHR devices (1.32 
mm³/   and 1.08 mm³/    cycles, respectively). When larger-diameter of 50 mm 
hip prosthesis was used, the surface will have moved faster than that of a smaller-
diameter of 38 mm hip prosthesis causing a thicker fluid film to develop. Fluid film 
lubrication will avoid asperities touching and thus little wear will be accumulated. 
With the smaller-diameter joint of 38mm, a thinner fluid film will be created, as the 
surface will move more slowly, however there will be less wear due to the smaller 
sliding distance of the smaller-diameter head, as described by Rieker et al. (2005) 
who showed that high amounts of running-in wear clearly associated with large 
clearance. Dowson et al. (2004) reported that for both a 36mm and 54mm bearings as 
diametral clearance increased, bedding in wear of the metal-on-metal components 
increased significantly. For the resurfacing components, those couples with smaller 
diametral clearances (83–129µm) with a head diameter of 54mm, exhibited running 
in wear rates   lower   than those components with larger clearances (254–307 µm) 
with a head diameter of 54mm. While these studies significantly support the 
application of a smaller clearance, they also conclude that the clearance cannot be 
too small because this may decrease the load-carrying ability and thus increase wear 
and friction (Hu et al., 2011). There have been further investigations for second-
generation metal on metal hip joints that had been implanted for about 25 years 
suggesting that they commonly had relatively larger clearances (>120µm) than) than 
most current in vitro studies (Hu et al., 2011).  A study done by Hu et al. (2005) 
showed that friction factors of small clearance were higher than large clearance 
under high viscosities but similar under low viscosities and operated in the mixed 
lubrication regime. They examined the friction of a 50mm metal-on-metal hip 
resurfacing device, with 17µm and 212µm diametral clearances, using a ProSim 
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Friction Simulator (Simulation Solutions, UK). Six different viscosities of 25% 
bovine serum (viscosity range from 0.0013 to 0.1555 Pas) were used with some 
percentage of carboxymethyl cellulose (CMC). In a similar study by Hu et al. (2011) 
who examined the friction factor of 50mm head diameter of metal-on-metal hip 
prostheses with 100 and 200µm diametral clearances using a friction simulator and 
25% new born calf serum which consisted of diverse percentages of serum and 
carboxymethyl cellulose with viscosities ranged from 0.0011 to 1.1 Pas, it was found 
that the 200µm
 
clearance had lower friction than that of 100 µm clearance
 
in the 
majority of physiological viscosity range. In another study carried out by Vassiliou et 
al. (2006) who tested five 50mm Birmingham hip resurfacing devices with different 
diametral clearances (see Table 3.5) in a hip wear simulator, with one joint also 
tested in a friction simulator before, during, and after the wear test and surface 
analysis was conducted during parts of the testing, the wear tests showed the 
classical running in with the wear rate falling from 1.84 mm³/    cycles for the first 
   cycles of testing to 0.24 mm³ per    cycles over the final       cycles of testing 
(see Figure 3.27). The friction tests suggested boundary lubrication initially, but at 
      cycles a mixed lubrication regime was evident. By      cycles the classical 
Stribeck curve had formed, indicating a considerable contribution from the fluid film 
at higher viscosities. The value of friction factors were 0.015-0.03. This continued to 
be evident at both       and       cycles as illustrated in Figure 3.28. 
Table 3. 5  Five 50mm BHR devices with diametral clearance for each joint 
(Vassiliou et al., 2006). 
Joint identification Diametral clearance(µm) 
Joint1 210 
Joint2 180 
Joint3 160 
Joint4 200 
Joint5 160 
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Figure 3. 27  Volume change on five 50mm diameter joints (see table 3.5 for 
clearances) prostheses during wear test (Vassiliou et al., 2006). 
 
Figure 3.1 Stribeck plot for joint 1 throughout wear testing (Vassiliou et al., 2006). 
Note: M=Million cycle. Joint 1 had diameter of 50mm and diametral clearance of 
210µm. 
McMinn et al. (2006) examined six large diameter (50mm) metal-on-metal 
Birmingham Hip Resurfacing devices with various diametral clearances (80,
 
135, 
175, 200, 243 and 306µm), using the ProSim friction hip simulator to determine the 
friction between the bearing surfaces and the optimum clearance for a given bearing 
diameter. The joints were tested in whole and clotted blood (viscosity 0.0083 and 
0.0108 Pas, respectively) and a BS-CMC
 
mixture and BS + CMC + hyaluronic acid 
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(HA) with different viscosities.
 
It was found that small diametral clearance joints 
(80–175µm) generated higher friction with blood than with BS+CMC. With blood as 
the lubricant, small clearance joints produced much higher
 
friction than large 
diametral clearance joints (200–306µm). This study suggested that decreased 
diametral clearance bearings
 
have the potential to generate higher friction when 
blood is
 
the lubricant. In a similar study, the effect of clearance on the friction of 
large diameter metal-on-metal hip resurfacing prostheses was reported by 
Afshinjavid and Youseffi (2009). They tested five joints with 50 mm nominal 
diameter metal-on-metal Birmingham hip resurfacing devices, using a ProSim 
friction hip simulator with blood, clotted blood, BS+CMC
 
and BS + CMC + 
hyaluronic acid (HA) as lubricants. Similar results were found to those reported by 
McMinn et al. (2006). This therefore suggested that higher clearances will lower 
friction factor for those large diameter joints depending on the type of lubricant and 
viscosity. 
Bishop et al. (2008) tested five different diameters of 55mm with 0.101mm and 
0.164mm clearances, 50mm with clearance 0.235mm, 48mm with clearance of 
0.070mm, 40mm with 0.053mm clearance and 36mm with clearance 0.106mm for 
the metal-on-metal implants. The friction torques were measured at 2000N load (in 
stance phase) and 650N load (in swing phase), using serum based lubricants. They 
obtained the friction torques of 9, 5.7, 6.7, 5.6, 5.5 and 5.5Nm, respectively. Recent 
study by Flanagan et al. (2010) investigated the effect of 38, 42, 48, 52, and 58mm 
head diameter hip resurfacing prostheses on friction using carboxymethyl cellulose, 
distilled water and 100 % bovine calf serum as lubricants. Friction of the bearing 
joints was examined at room temperature using a friction simulator manufactured by 
Phoenix Tribology. The simulator subjected the joints to a simple harmonic 
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oscillatory motion   of ±24° in the flexion/extension with a frequency of 0.8 Hz.  The 
mean friction factors in CMC fluids were 0.136-0.023, 0.143-0.022, 0.192-0.017, 
0.214-0.015, and 0.191-0.022 for the 58, 52, 48, 42, and 38mm diameter bearings, 
respectively. This suggested an almost similar friction factor for these diameter 
bearings and illustrated mixed lubrication. Compared with a conventional-size metal-
on-metal joint of similar clearance, the larger bearings exhibited lower friction 
factors, illustrating improved lubrication.  However, there is concern about the effect 
of metal ion release from metal-on-metal articulations. Although there is no 
conclusive evidence that this is a problem, caution is advised by some workers. New 
bearing materials are required to decrease volumetric wear, improve stability and 
performance, and enhance longevity, while preventing the systemic effects which 
may take place with some of the present clinically used bearings. Carbon fiber 
reinforced poly-ether-ether-ketone (CFR-PEEK) has been investigated as an 
alternative bearing material to the metal-on-metal prostheses and some studies 
demonstrating a reduction in wear of CFR-PEEK cups tested with alumina and 
zirconia heads. Wang et al. (1999) investigated the wear rate of pitch-based CFR-
PEEK cups of 28mm diameter articulating against zirconia ceramic heads using hip 
simulator run for        cycles. It was found that the wear was almost two orders of 
magnitude lower than for conventional ceramic-on-UHMWPE joints and metal-on-
UHMWPE joints. The wear rates of several different material combinations 
(ceramic-on-CFR-PEEK, ceramic-on-UHMWPE, ceramic-on-cross-linked 
polyethylene (XLPE), metal-on-metal and ceramic-on-ceramic) are shown in Table 
3.6 (Scholes et al., 2008). 
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Table 3. 6  Comparision of hip simulator wear results found for various material 
combinations (Scholes et al., 2008). 
Material combination Wear (         cycles) Reference 
Alumina-on-CFR-PEEK 1.16 Scholes et al. (2008) 
Zirconia-on-CFR-PEEK 0.39 Wang et al. (1999) 
Zirconia-on-UHMWPE 38.6 Smith et al. (1999) 
Alumina-on-XLPE 5.62 Essner et al. (2005) 
(Co-Cr-Mo)-on-(Co-Cr-Mo) 0.36 Goldsmith et al. (2002) 
Alumina-on-Alumina 0.04 Essner et al. (2005) 
 
Scholes et al. (2008) tested a 54mm diameter alumina femoral head against 
horseshoe-shaped CFR-PEEK (pitch-based) acetabular cup, using the Durham hip 
function simulator, before starting and after finishing wear testing, using bovine-
serum-based CMC and  water-based CMC as lubricants under a minimum load of 
100N and maximum load of 2000N. They obtained friction factors in the range ~0.3-
0.23 with bovine serum based CMC lubricants and friction factor values of about 0.2 
in CMC fluid. This study also showed that the wear rate was around 1.16          
cycles, compared with 38.6         cycles for a 28mm diameter ultra-high 
molecular- weight polyethylene acetabular cup component worn against a ceramic 
head. This particularly low wear rate was sustained over        cycles (the 
equivalent of up to approximately 25 years in vivo) showing that this novel cup 
design will provide improved long-term component wear. A similar effect was 
reported in a study by Flanagan et al. (2010) who examined 38, 42, 52, and 60mm 
nominal diameter of horseshoe-shaped CFR-PEEK (pitch-based) cups against 
alumina ceramic femoral heads with diametral clearances of 0.91mm, 0.87mm, 
0.86mm and 0.80mm, respectively. They tested all the implants with maximum load 
of 1000N and minimum of 500N, using carboxymethyl cellulose (CMC), distilled 
water, 100% bovine calf serum (BCS) and 25% BCS as lubricants. The friction 
factors were constant at about 0.217 for each bearing at CMC fluids and distilled 
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water. However, the average friction factors in BCS solutions were 0.336-0.007, 
0.314-0.005, 0.296-0.005, and 0.282-0.005 for the 38, 42, 52, and 60mm diameter 
bearings, respectively. In a recently study by Brockett et al. (2012), the friction for a 
newly developed 36mm CFR-PEEK cup against ceramic and cobalt chrome heads 
with 0.107 and 0.100mm diametral clearances, respectively, were investigated using 
a single station pendulum friction simulator. The dynamic load applied was 2KN 
during the stance phase with a constant load of 100N for swing phase, using water, 
25% bovine calf serum and 100% bovine serum. It was found that there was a 
significant increase in friction factor (from ~0.2 to ~0.44) for both the Metal-on-CFR 
PEEK and Ceramic-on-CFR PEEK bearings with increasing protein concentration 
but there was no difference between the friction factors of the ceramic or metal 
bearings under all test conditions. 
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